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4.  Introduction 

In  polarized  MDCK  kidney  epithelial  cells,  components  of  the  plasma  membrane  fusion 
machinery,  the  t-SNAREs  syntaxin  2,  3,  4  and  SNAP-23  are  differentially  localized  at  the  apical 
and/or  basolateral  plasma  membrane  domains.  Here  we  identify  syntaxin- 11  as  a  novel  apical  and 
basolateral  plasma  membrane  t-SNARE.  Surprisingly,  all  of  these  t-SNAREs  redistribute  to 
intracellular  locations  when  MDCK  cells  lose  their  cellular  polarity.  Apical  SNAREs  re-localize  to 
the  previously  characterized  vacuolar  apical  compartment  (VAC)  while  basolateral  SNAREs 
redistribute  to  a  novel  organelle  that  appears  to  be  the  basolateral  equivalent  of  the  VAC.  Both 
'intracellular  plasma  membrane  compartments'  have  an  associated  prominent  actin  cytoskeleton 
and  receive  membrane  traffic  from  cognate  apical  or  basolateral  pathways,  respectively.  These 
findings  demonstrate  a  fundamental  shift  in  plasma  membrane  traffic  towards  intracellular 
compartments  while  protein  sorting  is  preserved  when  epithelial  cells  lose  their  cell  polarity. 

5.  Body 

Traffic  between  membranous  compartments  is  mediated  by  the  SNARE  machinery  in  virtually  all 
membrane  traffic  pathways  investigated  so  far  (1,  2,  3,  4).  During  vesicle  docking,  membrane 
proteins  on  the  vesicle  (v-SNAREs)  and  the  target  membrane  (t-SNAREs)  bind  to  each  other  to 
form  a  complex  which  ultimately  leads  to  fusion  of  the  lipid  bilayers.  One  aspect  of  the  SNARE 
hypothesis  is  that  successful  membrane  fusion  requires  the  binding  of  matching  combinations  of  v- 
and  t-SNAREs  thereby  ensuring  the  necessary  specificity  of  vesicle  fusion.  Accordingly,  each 
membrane  organelle  and  each  class  of  transport  vesicles  should  be  defined  by  a  certain  set  of  t-  and 
v-SNARE  isoforms.  Many  SNAREs  have  been  identified  to  date,  and  protein  sequence  analysis 
has  shown  that  v-  and  t-SNAREs  of  the  currently  known  SNARE  sub-families  are  evolutionarily 
related  to  each  other  and  belong  to  a  common  superfamily  (5,  6).  It  is  conceivable  that  the 
specificity  of  vesicle  fusion  is  not  directly  determined  by  t-SNARE/v-SNARE  interactions  per  se 
but  rather  by  interactions  involving  larger  complexes  including  SNAREs  and  their  regulatory 
proteins  such  as  those  of  the  rab  and  seel  protein  families  (7,  8, 9). 

Epithelial  cells  display  an  additional  layer  of  complexity  as  they  are  typically  polarized 
and  possess  two  distinct  plasma  membrane  domains  (10,  11,  12,  13,  14).  The  apical  and 
basolateral  plasma  membrane  domains  have  different  protein  and  lipid  compositions  which  reflect 
the  different  function  of  these  domains.  This  plasma  membrane  polarity  is  established  and 
maintained  by  protein  sorting  and  specific  vesicle  trafficking  routes  in  the  biosynthetic  and 
endocytic  pathways.  In  agreement  with  the  SNARE  hypothesis,  the  apical  and  basolateral  plasma 
membrane  domains  of  epithelial  cells  contain  distinct  t-SNAREs  (15).  Two  protein  families  have 
been  identified  as  t-SNAREs,  the  syntaxin  and  SNAP-25  families.  In  the  polarized  renal  epithelial 
cell  line  MDCK,  syntaxins  3  and  4  are  localized  at  the  apical  or  basolateral  plasma  membrane, 
respectively  (16).  Syntaxin  3  functions  in  transport  from  the  trans-Golgi  network  as  well  as  the 
endosomal  recycling  pathway,  both  leading  to  the  apical  plasma  membrane  (17).  Syntaxin  2  is 
localized  to  both  domains  of  MDCK  cells  (16),  as  is  SNAP-23  (18),  a  ubiquitously  expressed 
member  of  the  SNAP-25  family  (19).  SNAP-23  binds  to  syntaxins  3  and  4  in  vivo  (20,  21)  and  is 
involved  in  biosynthetic  and  endocytic  recycling  and  transcytotic  pathways  to  both  plasma 
membrane  domains  in  MDCK  cells  (17,  22).  The  subcellular  localization  of  these  SNAREs  is 
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generally  very  similar  in  other  epithelial  cell  lines  and  tissues  although  variations  have  been 
reported  (15,  20,  23,  24,  25,  26). 

Temporary  or  permanent  loss  of  cell  polarity  is  a  common  phenomenon  during  the 
development  of  epithelial  tissues  (27,  28)  as  well  as  in  a  number  of  pathological  conditions  (10, 
28,  29).  It  is  largely  unknown  how  apical  and  basolateral  membrane  traffic  pathways  behave  in 
epithelial  cells  that  have  lost  or  not  yet  acquired  their  cellular  polarity  under  any  of  the  above 
circumstances.  This  is  a  fundamental  question  in  cell  biology.  For  example,  changes  in  these 
pathways  may  play  an  important  role  in  the  acquisition  of  the  invasive  phenotype  of  tumor  cells, 
e.g.  by  mistargeting  of  cell  adhesion  molecules,  or  erroneous  secretion  of  proteases  that  attack 
basement  membrane  and  extracellular  matrix  proteins.  It  is  well  established  that  the  malignancy  of 
epithelial-derived  tumors  (carcinomas)  correlates  directly  with  the  degree  of  de-differentiation.  A 
hallmark  of  de-differentiation  or  anaplasia  is  the  loss  of  cellular  polarity.  A  better  knowledge  of 
the  changes  in  membrane  traffic  pathways  that  occur  when  epithelial  cells  lose  or  gain  cell  polarity 
will  help  us  understand  normal  epithelial  function  as  well  as  pathologic  conditions. 

In  the  present  paper  we  have  investigated  the  subcellular  localization  of  plasma  membrane 
t-SNAREs,  as  part  of  the  machinery  accomplishing  membrane  traffic,  in  polarized  vs.  non¬ 
polarized  MDCK  cells.  We  identified  syntaxin  11  as  a  novel  plasma  membrane  t-SNARE  in 
addition  to  syntaxins  2,  3,  4  and  SNAP-23.  All  plasma  membrane  t-SNAREs  undergo  dramatic 
changes  in  subcellular  localization  in  MDCK  cells  depending  on  the  state  of  cell  polarity.  Apical  t- 
SNAREs  relocalize  to  an  intracellular  vacuolar  apical  compartment  (VAC)  while  basolateral  t- 
SNAREs  relocalize  to  a  novel  compartment.  The  presence  of  t-SNAREs  in  these  intracellular 
compartments  suggests  that  they  function  in  the  fusion  of  incoming  transport  vesicles  and  that 
these  compartments  are  actively  connected  to  cellular  membrane  traffic.  Indeed,  we  find  that  the 
apical  and  basolateral  intracellular  compartments  are  functionally  equivalent  to  the  apical  or 
basolateral  plasma  membrane  of  fully  polarized  cells,  respectively,  as  they  receive  membrane 
traffic  from  cognate  apical  or  basolateral  transport  pathways. 

These  results  suggest  that  fundamental  rearrangements  occur  with  respect  to  membrane 
traffic  in  epithelial  cells  that  have  lost  their  cellular  polarity.  Nevertheless,  the  localization  of 
plasma  membrane  t-SNAREs  does  not  become  randomized  but  the  cells  re-direct  plasma 
membrane  transport  pathways  into  intracellular  compartments  and  preserve  protein  sorting. 

MATERIALS  AND  METHODS 

Materials 

Cell  culture  media  were  from  Cell  Gro,  Mediatech  (Washington,  DC).  Fetal  bovine  serum  was 
from  Hyclone,  (Logan,  UT).  G418  was  obtained  from  GIBCO-BRL  (Gaithersburg,  MD). 
Transwell  polycarbonate  cell  culture  filters  were  purchased  from  Coming  Costar  Corporation 
(Massachusetts,  MA).  Canine  apo-transferrin  was  purchased  from  Sigma  (St.  Louis,  MO),  loaded 
with  iron  and  dialyzed  against  PBS.  The  cDNA  of  human  syntaxin  11  in  the  expression  vector 
pcDNA3  has  been  described  earlier  (30).  cDNAs  for  the  expression  of  syntaxin-GST  fusion 
proteins  were  gifts  from  Dr.  Mark  Bennett,  University  of  California  at  Berkeley,  CA. 

Antibodies 

Polyclonal  antibodies  against  rat  syntaxins  2,  3  and  4  were  raised  in  rabbits  against  GST  fusion 
proteins  of  the  cytoplasmic  domains.  The  antibodies  were  affinity-purified  using  the  respective 
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syntaxin  cytoplasmic  domains  that  were  separated  from  GST  by  thrombin  cleavage  and  coupled 
to  Affigel  (Biorad).  The  rabbit  polyclonal  antibody  against  an  N-terminal  peptide  of  human 
SNAP-23  was  affinity-purified  as  described  before  (18).  The  affinity-purified  rabbit  polyclonal 
antibody  against  a  peptide  of  the  N-terminal  15  amino  acids  of  human  syntaxin  11  has  been 
described  (30).  The  rat  monoclonal  antibody  against  ZO-1,  the  mouse  monoclonal  antibodies 
against  ubiquitin  and  alpha-fodrin  (non-erythroid  spectrin)  were  obtained  from  Chemicon 
International  (Temecula,  CA).  The  mouse  monoclonal  antibodies  against  y-tubulin  and  pan- 
cytokeratin  were  obtained  from  Sigma  (St.  Louis,  MO).  AC  17,  a  mouse  monoclonal  antibody 
against  the  lysosomal/late  endosomal  membrane  glycoprotein  LAMP -2  (31)  was  a  gift  from  E. 
Rodriguez-Boulan  (Cornell  University  Medical  College,  New  York,  NY).  The  mouse  monoclonal 
antibody  against  gpl35,  an  endogenous  apical  plasma  membrane  protein  in  MDCK  cells  (32),  was 
a  gift  from  G.  Ojakian  (SUNY  Health  Science  Center,  Brooklyn,  NY).  The  mouse  monoclonal 
antibody  against  E-cadherin,  rrl  (33),  was  donated  by  B.  Gumbiner  (Sloan-Kettering,  NY).  The 
mouse  monoclonal  antibody,  6.23.3,  against  an  endogenous  MDCK  basolateral  plasma  membrane 
protein  of  58  kDa  (34)  was  a  gift  from  K.  Matlin  (Harvard  Medical  School,  Boston).  The  rabbit 
polyclonal  antibody  against  canine  gp80/clusterin  (35)  was  a  gift  from  C.  Koch-Brandt 
(Universitat  Mainz,  Germany).  Purified  human  polymeric  IgA  was  kindly  provided  by  J.-P. 
Vaerman  (Catholic  University  of  Louvain,  Brussels,  Belgium).  Anti-Na+/K+-ATPase  (alpha 
subunit,  MA3-928)  was  from  Affinity  Bioreagents  (Golden,  CO).  Fluorescein  dichlorotriazine 
(DTAF)-labeled  anti-human  IgA  antibody  was  from  Organon  Teknika  Corp.  (Durham,  NC).  The 
antibody  against  canine  apo-transferrin  has  been  described  earlier  (36).  The  mouse  monoclonal 
antibody  against  Golgin-97  was  from  Molecular  Probes  (Eugene,  OR).  Secondary  antibodies 
cross-absorbed  against  multiple  species  and  conjugated  to  FITC,  Texas  Red  or  Cy5  were  from 
Jackson  Immunoresearch  (West  Grove,  PA). 

SDS-PAGE  and  immunoblotting 

Total  membrane  fractions  of  MDCK,  HepG2,  HeLa  and  HT29  cells  were  prepared  by  scraping 
the  cells  from  confluent  dishes  in  PBS  containing  protease  inhibitors  and  homogenization  by 
repeated  passage  through  a  22  gauge  needle.  Nuclei  and  unbroken  cells  were  removed  by 
centrifugation  at  500  g  for  2  minutes.  The  membranes  were  recovered  by  centrifugation  at  16,000  g 
for  10  min  and  dissolved  in  SDS-PAGE  sample  buffer.  Equal  amounts  of  protein  were  separated 
on  a  12%  SDS -polyacrylamide  gel  followed  by  transfer  to  nitrocellulose  and  incubation  with  the 
affinity-purified  syntaxin  1 1  antibody.  Bands  were  visualized  by  enhanced  chemiluminescence. 

Cell  Culture 

MDCK  strain  II  cells  were  maintained  in  Minimal  Essential  Medium,  supplemented  with  10% 
FBS,  100  U/ml  penicillin  and  100  pg/ml  streptomycin  in  5%  C02/95%  air.  For  experiments  with 
polarized  MDCK  cells,  the  cells  were  cultured  on  12  mm,  0.4  p,m  pore  size  Transwell 
polycarbonate  filters  for  the  indicated  period  of  time.  For  experiments  with  non-polarized  MDCK 
cells,  the  cells  were  sparsely  seeded  onto  glass  cover  slips  in  Minimal  Essential  Medium  without 
FBS  and  allowed  to  attach  for  2  hours.  Afterwards,  the  medium  was  changed  to  s-MEM  (GIBCO- 
BRL;  Gaithersburg,  MD)  using  three  washes  of  10  minutes  each,  and  the  cells  were  incubated  over 
night  (i.e.  16-18  hours).  In  some  experiments  the  cells  were  allowed  to  endocytose  IgA  or 
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transferrin  during  this  over  night  incubation  by  adding  50  microgram/ml  polymeric  IgA  or  1 
microgram/ml  iron-loaded  canine  transferrin,  respectively. 

Transfection 

For  expression  of  human  syntaxin  11,  MDCK  cells  were  transfected  with  the  syntaxin  11  cDNA 
in  the  expression  vector  pCDNA3  by  the  calcium  phosphate  method,  followed  by  selection  in 
media  containing  350  pg/ml  G418  (as  described  in  (37)).  For  all  experiments,  a  mixture  of  the 
G4 18 -resistant  cells,  displaying  a  wide  range  of  expression  levels,  was  used.  MDCK  cells  stably 
expressing  rat  syntaxins  2,  3  and  4  are  described  in  (16).  MDCK  cells  expressing  human  SNAP-23 
were  described  in  (18).  MDCK  cells  expressing  the  wild-type  rabbit  plgR  (38),  signal-less  plgR 
(39)  or  GPI-pIgR  (40)  have  been  described  previously. 

Confocal  Immunofluorescence  Microscopy 

Cells  were  either  fixed  in  methanol  at  -20  °C  or  with  4%  paraformaldehyde  and  permeabilized  with 
0.025%  (wt/vol)  saponin  Sigma  (St.  Louis,  MO)  in  phosphate  buffered  saline,  and  blocked  with 
10%  FBS  or  5%  BSA  followed  by  sequential  incubations  with  primary  antibodies  and  FITC- 
and/or  Texas  red-conjugated  secondary  antibodies.  In  some  cases,  nuclei  were  stained  with  5  pg/ml 
propidium  iodide  (Vector;  Burlingame,  CA)  after  treatment  with  100  pg/ml  RNAse  A.  The 
samples  were  analyzed  using  a  LEICA  TCS-NT  confocal  microscope. 

RESULTS 

Syntaxin  11  is  expressed  at  the  plasma  membrane  in  polarized  but  not  non¬ 
polarized  MDCK  cells. 

The  following  t-SNAREs  are  localized  to  the  plasma  membrane  in  mammalian  cells:  the  neuron- 
specific  syntaxins  1A,  IB  and  SNAP-25  function  in  the  fusion  of  synaptic  vesicles  with  the 
presynaptic  plasma  membrane.  The  more  widely  expressed  syntaxins  2,  3,  and  4  and  SNAP-23 
have  been  studied  in  various  cell  types  where  they  are  generally  localized  at  the  plasma  membrane 
(16,  18,  20,  41,  42).  All  other  syntaxin  homologues  studied  so  far  are  localized  to  various 
intracellular  organelles  where  they  are  believed  to  be  functionally  involved  in  membrane  trafficking 
pathways  directed  to  these  organelles. 

The  recently  discovered  syntaxin  1 1 ,  has  an  unusual  primary  structure  as  it  lacks  a  C- 
terminal  transmembrane  domain  (30,  43,  44).  Nevertheless,  syntaxin  1 1  is  membrane-bound.  In 
transiently  transfected,  non-polarized,  NRK  or  HeLa  cells,  syntaxin  1 1  was  found  in  intracellular 
vesicles  that  partially  co-localized  with  endosomal  and  trans-Golgi  network  markers  (30,  43). 
Syntaxin  1 1  is  widely  expressed  in  several  tissues  including  tissues  rich  in  epithelia  such  as  lung, 
placenta,  liver  and  kidney  while  it  is  absent  in  brain  (30,  43,  44).  This  tissue  distribution 
prompted  us  to  investigate  whether  syntaxin  1 1  is  expressed  in  several  pure  epithelial  cell  lines. 
By  western  blot  syntaxin  1 1  can  be  detected  in  total  membrane  fractions  of  MDCK  cells  and 
Caco-2  colon  carcinoma  cells  as  well  as  in  HeLa  cells  while  it  is  undetectable  in  the  intestinal 
epithelial  cell  line  HT-29  and  hepatocyte-derived  HepG2  cells.  The  gel  mobility  of  endogenous 
syntaxin  1 1  in  HeLa  cells  is  slightly  higher  than  in  MDCK  and  Caco-2  cells.  The  reason  for  this 
difference  is  unknown  and  may  be  caused  by  differences  in  posttranslational  modification. 
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Next,  we  studied  the  subcellular  localization  of  syntaxin  11  in  MDCK  cells  since  this 
epithelial  cell  line  has  been  most  extensively  studied  with  respect  to  the  localization  and  function 
of  t-SNAREs.  Since  our  syntaxin  1 1  antibody  did  not  react  well  for  immunocytochemistry  with 
the  endogenous  canine  protein,  MDCK  cells  were  stably  transfected  with  the  cDNA  of  the  human 
protein.  Confocal  immunofluorescence  microscopy  revealed  that  syntaxin  11  is  localized 
predominantly  at  the  plasma  membrane  in  polarized  MDCK  cells,  rather  than  in  intracellular 
compartments  as  previously  reported  for  non-polarized  cells.  The  majority  of  syntaxin  11 
localizes  to  both  the  apical  and  basolateral  plasma  membrane  with  some  additional  intracellular 
punctate  staining  mostly  in  the  apical  cytoplasm.  This  localization  was  independent  of  the  level  of 
syntaxin  1 1  expression  as  found  by  comparing  individual  cells  with  a  wide  range  of  expression 
levels  in  a  mixed  population  of  stably  transfected  cells.  Also,  the  level  of  exogenous  human 
syntaxin  1 1  expression  was  similar  to  the  endogenous  level  in  MDCK  cells. 

Surprisingly,  in  non-polarized  MDCK  cells,  e.g.  shortly  after  plating  and  not  allowing  the 
cells  enough  time  to  form  cell-cell  interactions,  syntaxin  1 1  was  found  to  be  intracellular  with  very 
little,  if  any,  plasma  membrane  staining. 

Under  these  conditions,  syntaxin  11  localizes  to  bright  punctate  vesicles  similarly  as 
previously  reported  in  non-polarized  fibroblastic  cells  (30,  43).  Co-staining  of  syntaxin  11  with  an 
antibody  against  the  lysosomal/late  endosomal  protein  LAMP-2  shows  no  significant  overlap 
indicating  that  syntaxin  11  is  not  simply  being  degraded  in  non-polarized  MDCK  cells.  The 
observed  dramatic  change  in  localization  of  syntaxin  1 1  depending  on  the  state  of  cellular  polarity 
of  MDCK  cells  suggests  that  it  normally  functions  at  the  plasma  membrane  in  polarized  epithelial 
cells  while  it  may  have  a  different  function  in  non-polarized  cells. 

The  subcellular  localization  of  all  plasma  membrane  t-SNAREs  changes  during  the 
development  of  epithelial  polarity. 

As  with  syntaxin  1 1 ,  we  observed  that  the  previously  characterized  plasma  membrane  t-SNAREs 
in  MDCK  cells  also  undergo  similar  dramatic  changes  in  subcellular  localization  depending  on  the 
degree  of  cellular  polarity.  In  a  time  course  of  MDCK  cells  at  various  stages  during  the 
establishment  of  a  fully  polarized  monolayer.  The  cells  were  plated  at  high  density  onto 
polycarbonate  filters  and  the  localization  of  syntaxins  2,  3,4,  11  and  SNAP-23,  as  well  as  the 
tight  junction  protein  ZO-1,  were  monitored  at  different  times  after  plating.  After  2  hours,  the 
cells  are  irregularly  shaped  and  start  to  form  cell-cell  contacts.  At  this  stage,  all  plasma  membrane 
t-SNAREs  are  found  predominantly  in  intracellular  vesicles  in  addition  to  a  variable  amount  of 
plasma  membrane  staining.  In  approximately  10%  of  the  cells,  large  intracellular  vacuolar 
structures  can  be  observed  (arrows).  After  one  day,  the  monolayer  is  confluent  and  uninterrupted 
circumferential  tight  junctions  are  established.  A  substantial  portion  of  all  SNAREs  has  re¬ 
localized  to  the  plasma  membrane  in  a  polarized  manner.  Syntaxins  2  and  1 1  as  well  as  SNAP-23 
are  found  at  both  the  basolateral  and  apical  plasma  membrane  in  addition  to  some  remaining 
intracellular  labeling.  Syntaxin  3  is  absent  from  the  basolateral  domain  but  localizes  to  the  apical 
domain  in  addition  to  intracellular  lysosomes  as  established  previously  (16,  24).  Syntaxin  4,  in 
turn,  is  absent  from  the  apical  domain  but  has  partially  re-localized  to  the  basolateral  domain. 
During  the  course  of  the  experiment,  until  day  7,  the  cells  grow  somewhat  in  height  and  form  a 
straight  apical  surface.  All  of  the  SNAREs  continue  to  move  to  their  final  destination  at  their 
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specific  plasma  membrane  domains,  however,  even  after  7  days  some  intracellular  staining  remains 
in  each  case  as  observed  previously  (16,  18). 

This  change  in  subcellular  localization  of  the  machinery  that  normally  mediates  vesicle 
fusion  at  the  plasma  membrane  suggests  that  these  membrane  traffic  pathways  are  fundamentally 
altered  in  epithelial  cells  during  the  course  of  the  establishment  of  cellular  polarity. 

Sustained  inhibition  of  epithelial  polarity  causes  intracellular  accumulation  of 
apical  and  basolateral  t-SNAREs  into  distinct  compartments. 

To  study  the  nature  of  the  intracellular  location  of  plasma  membrane  t-SNAREs  in  detail  we 
sought  to  arrest  MDCK  cells  in  a  non-polarized  state.  The  formation  of  a  polarized  epithelial 
layer  can  be  prevented  experimentally  by  the  inhibition  of  E-cadherin-mediated  interactions 
between  neighboring  cells  (28,  45,  46).  Inhibition  of  calcium-dependent  homotypic  E-cadherin 
binding  by  withdrawal  of  high  calcium  concentrations  in  the  medium  keeps  MDCK  cells  in  a  non¬ 
polarized  state.  It  has  been  observed  previously  that,  when  grown  in  low-calcium  medium, 
MDCK  cells  form  large  intracellular  vacuoles  that  bear  ultrastructural  resemblance  to  the  apical 
plasma  membrane  including  the  presence  of  microvilli  and  an  associated  actin  cytoskeleton.  This 
compartment  was  termed  'vacuolar  apical  compartment'  or  VAC  (47).  Similar  vacuoles  are  found 
in  a  variety  of  carcinomas  (48,  49,  50). 

We  studied  the  subcellular  localization  of  plasma  membrane  SNAREs  in  MDCK  cells  grown 
under  these  conditions.  A  high  percentage  (>50%)  of  the  cells  display  one  or  more  large  vacuolar 
compartments  that  are  positive  for  the  endogenous  apical  marker  protein  gpl35  and  are 
indistinguishable  in  appearance  from  previously  published  .  Plasma  membrane  t-SNAREs  that 
normally  localize  to  the  apical  domain  (syntaxins  2,  3,  11,  SNAP-23),  co-localize  with  gpl 35  in 
these  VACs.  In  contrast,  the  normally  exclusively  basolateral  syntaxin  4  is  excluded  from  gpl  35- 
positive  VACs.  Instead,  in  addition  to  small  vesicles,  syntaxin  4  is  found  in  larger  structures  that 
resemble  VACs  but  exclude  gpl 35.  The  SNAREs  that  are  normally  localized  to  both  apical  and 
basolateral  plasma  membrane  domains  (syntaxins  2,  11,  SNAP-23),  can  be  found  in  large  gpl35- 
negative  structures  (arrows)  in  addition  to  gpl  35-positive  VACs.  These  results  suggest  that  at 
least  two  distinct  intracellular  organelles  exist  in  non-polarized  MDCK  cells  to  which  plasma 
membrane  t-SNAREs  are  targeted. 

To  verify  the  results  obtained  with  exogenously  expressed  syntaxin  3  in  MDCK  cells  we 
investigated  whether  endogenous  syntaxin  3  would  also  localize  to  VACs  in  a  different  cell  line. 
The  human  colon  carcinoma  cell  line  Caco-2  was  grown  in  low-calcium  medium  as  above  and 
stained  for  endogenously  expressed  syntaxin  3  and  the  microvillar  protein  villin.  While  syntaxin  3 
and  villin  are  localized  at  the  apical  plasma  membrane  in  fully  polarized  Caco-2  cells  (20,  24,  26) 
(and  data  not  shown),  they  are  strongly  enriched  in  VACs  in  non-polarized  cells  .  This  result 
indicates  that  the  localization  of  syntaxin  3  in  VACs  is  a  general  phenomenon  of  non-polarized 
epithelial  cells  and  not  an  artifact  of  syntaxin  overexpression. 

We  and  others  found  previously  that  syntaxin  3  partially  localizes  to  lysosomes  in 
addition  to  the  apical  plasma  membrane  in  fully  polarized  MDCK  and  Caco-2  cells  (16,  24).  To 
investigate  whether  VACs  containing  syntaxin  3  may  represent  an  enlarged  type  of  lysosomes  in 
cells  grown  under  low-calcium  conditions,  MDCK  cells  were  co-labeled  for  syntaxin  3  and  the  late 
endosomal/lysosomal  protein  LAMP-2.  VACs  and  lysosomes  are  clearly  distinct.  This 
demonstrates  that  VACs  are  not  simply  enlarged  lysosomes  and  suggests  that  they  are  not 
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connected  to  the  late  endosomal/lysosomal  system  and  therefore  not  degradative  compartments. 
Moreover,  none  of  the  other  plasma  membrane  SNAREs  co-localized  with  LAMP-2  in  MDCK 
cells  grown  in  low  calcium  medium  (data  not  shown). 

Syntaxin  4  is  a  marker  for  a  novel  intracellular  organelle  in  non-polarized  MDCK 
cells. 

VACs  have  been  described  previously  in  non-polarized  MDCK  cells,  and  our  finding  that  they 
contain  apical-specific  t-SNAREs  suggest  that  they  receive  apical-specific  membrane  traffic.  Our 
finding  of  syntaxin  4-positive  intracellular  organelles  suggests  that  another  class  of  intracellular 
plasma  membrane-like  organelles  exists  that  may  be  the  basolateral  equivalent  to  the  VAC.  Since 
such  an  organelle  has  not  been  described  before  we  sought  to  investigate  its  composition  and 
relationship  to  other  organelles  in  more  detail  by  the  following  co-labeling  studies.  Basolateral, 
syntaxin  4-positive  compartment  also  contains  two  proteins  that  are  normally  specifically 
localized  at  the  basolateral  plasma  membrane  domain  in  polarized  MDCK  cells:  an  endogenous  58 
kDa  basolateral  plasma  membrane  protein  (6.23.3)  and  the  Na/K-ATPase.  Both  proteins  appear 
to  be  even  more  concentrated  in  the  intracellular  compartments  than  syntaxin  4  which  is  also 
present  at  the  plasma  membrane.  These  data  indicate  that  the  syntaxin  4-positive  compartment 
has  a  protein  composition  similar  to  the  basolateral  plasma  membrane  of  polarized  cells. 

It  is  important  to  note  that  the  degree  of  intracellular  localization  of  SNAREs  or  any  of  the 
plasma  membrane  marker  proteins  studied  here  in  non-polarized  MDCK  cells  is  very 
heterogeneous.  We  typically  observed  a  range  of  individual  cells  displaying  varying  degrees  of 
retention  ranging  from  complete  absence  of  plasma  membrane  markers  from  the  plasma  membrane 
to  almost  complete  absence  of  these  markers  in  intracellular  organelles. 

Next,  we  investigated  whether  E-cadherin  might  be  accumulated  in  the  syntaxin  4-positive 
compartment.  In  control  cultures  E-cadherin  co-localizes  with  syntaxin  4  at  the  cell-cell  contacts. 
In  contrast,  E-cadherin  expression  is  strongly  down-regulated  in  cells  grown  in  low-calcium 
medium.  The  remaining  minor  amounts  of  E-cadherin  partially  co-localize  with  syntaxin  4  in 
intracellular  organelles  in  addition  to  a  diffuse  staining  pattern,  but  are  not  detectable  at  sites  of 
cell-cell  contact.  Therefore,  in  contrast  to  the  antigen  6.23.3.  and  the  Na/K-ATPase,  the  normally 
lateral  plasma  membrane  protein  E-cadherin  is  not  only  being  retrieved  from  the  surface  but  its 
expression  is  also  down-regulated. 

Both  apical  and  basolateral  plasma  membrane  domains  of  polarized  epithelial  cells  are 
generally  associated  with  an  actin  cytoskeleton.  Phalloidin-staining  shows  that  in  non-polarized 
MDCK  cells  in  addition  to  the  plasma  membrane,  both  syntaxin  3  (data  not  shown)  and  syntaxin 
4  positive  vacuoles  display  an  associated  actin  cytoskeleton.  This  result  distinguishes  VACs  and 
the  intracellular  syntaxin  4-positve  compartment  from  endosomes  or  other  intracellular  organelles 
which  do  not  typically  contain  a  prominent  actin  cytoskeleton. 

Alpha-fodrin  (non-erythroid  spectrin)  is  a  component  of  the  actin-associated  cytoskeleton 
that  normally  underlies  the  lateral  plasma  membrane  in  polarized  epithelial  cells  and  has  been 
implicated  in  the  sorting  of  basolateral  membrane  proteins,  such  as  the  Na/K-ATPase,  by  selective 
retention  at  the  basolateral  surface  (51,  52,  53).  We  found  that  in  MDCK  cells  grown  in  LC 
medium  fodrin  significantly  co-localizes  with  syntaxin  4  in  intracellular  organelles  in  addition  to 
plasma  membrane-staining  and  diffuse  cytoplasmic  staining.  This  suggests  that  intracellular 
syntaxin  4-positive  organelles  not  only  possess  the  machinery  for  fusion  of  incoming  transport 
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vesicles  (syntaxin  4)  but  also  the  cytoskeletal  components  required  for  selective  retention  of 
basolateral  membrane  proteins  and  explains  the  accumulation  of  Na/K-ATPase  in  these  organelles. 

Cytokeratin  intermediate  filaments  are  normally  closely  attached  to  the  basolateral  plasma 
membrane  domain  of  polarized  epithelial  cells  by  anchoring  to  desmosomes  and  hemi- 
desmosomes.  Using  a  pan-keratin  antibody  we  found  that  intermediate  filaments  are  largely 
retracted  form  the  plasma  membrane  in  MDCK  cells  grown  in  LC  medium.  They  are  concentrated 
in  the  center  of  the  cell  where  they  often  appear  to  be  closely  associated  with  syntaxin  4-positive 
intracellular  organelles . 

The  syntaxin  4-positive  organelles  often  localize  in  a  perinuclear  position  in  MDCK  cells 
grown  in  LC  medium.  Since  this  is  typically  also  the  localization  of  the  Golgi  apparatus  within 
non-polarized  we  double-labeled  cells  for  syntaxin  4  and  the  Golgi  protein  Golgin-97.  Both 
proteins  localize  quite  distinctly  with  no  significant  overlap,  excluding  the  possibility  that  the 
syntaxin  4-positive  organelles  represent  a  distended  Golgi  apparatus  in  MDCK  cells  grown  in  LC 
medium. 

Many  cellular  organelles  tend  to  cluster  around  the  microtubule  organizing  center  (MTOC) 
which  is  typically  found  in  a  perinuclear  position  in  non-polarized  cells  and  indicates  that  these 
organelles  are  clustered  there  by  microtubule-mediated  transport.  Co-staining  of  MDCK  cells 
grown  in  LC  medium  for  syntaxin  4  and  y-tubulin  shows  that  although  the  syntaxin  4-positive 
organelles  can  be  located  very  close  to  the  MTOC,  they  show  a  more  dispersed  distribution 
suggesting  that  they  are  not  necessarily  being  actively  recruited  towards  the  MTOC. 

Recently,  a  novel  organelle,  termed  'aggresome'  has  been  discovered  in  cells  that  either 
express  excessive  amounts  of  misfolded  proteins  or  whose  proteasome  degradation  machinery  is 
inhibited  (54,  55).  They  are  pericentriolar  cytoplasmic  inclusions  containing  misfolded, 
ubiquitinated  protein  ensheathed  in  a  cage  of  intermediate  filament  and  closely  associated  with  the 
centrosome.  Since  aggresomes  share  common  features  with  our  syntaxin  4-organelles 
morphologically,  we  investigated  whether  these  two  orgenelles  could  be  related  to  or  identical  to 
each  other.  When  MDCK  cells  grown  in  LC  medium  were  stained  for  syntaxin  4  and  ubiquitin 
only  a  diffuse  cytoplasmic  signal  could  be  detected  for  ubiquitin  that  was  clearly  different  from 
the  large  syntaxin  4-positive  organelles  (data  not  shown).  Next,  we  treated  the  cells  with  the 
proteasome-inhibitor  ALLN  to  induce  the  formation  of  aggresomes.  Under  these  conditions, 
ubiquitin-positive  aggresomes  can  clearly  be  identified  which  do  not  significantly  overlap  with 
syntaxin  4-positive  organelles,  demonstrating  that  they  are  distinct. 

Together,  the  data  suggests  that  although  'apical'  and  'basolateral'  t-SNAREs  are  localized 
intracellularly  in  non-polarized  epithelial  cells,  they  are  nevertheless  sorted  to  distinct 
compartments.  These  intracellular  compartments  resemble  the  respective  plasma  membrane 
domains  due  to  the  presence  of  'apical'  or  'basolateral'  t-SNAREs  as  well  as  other  plasma 
membrane  marker  proteins  and  an  actin-based  cytoskeleton. 

'Intracellular plasma  membrane  organelles'  can  be  observed  under  normal  calcium 
conditions 

To  exclude  the  possibility  that  the  observed  generation  of  apical  and  basolateral  intracellular 
organelles  in  MDCK  cells  grown  in  LC  medium  may  be  caused  by  a  decrease  in  the  intracellular 
calcium  concentration  or  any  other  non-relevant  effect,  we  seeded  MDCK  cells  sparsely  in 
medium  containing  serum  and  a  normal  concentration  of  calcium.  After  16  hours,  the  cells  were 
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stained  for  syntaxin  4  and  gpl35.  Under  these  conditions,  a  mixture  of  patches  of  confluent  cells 
and  smaller  aggregates  down  to  single  cells  is  observed.  Consistently,  cells  that  are  located  at  the 
edge  of  a  cell  patch  tend  to  display  intracellular  syntaxin  4-positive  organelles,  while  syntaxin  4  is 
restricted  to  the  basolateral  plasma  membrane  in  cells  that  are  completely  surrounded  by  other 
cells.  Single  cells  very  frequently  show  intracellular  syntaxin  4-positive  organelles  under  these 
conditions  while  gp  135-positive  VACs  are  relatively  sparse.  Omission  of  serum  increases  the 
frequency  of  VACs  in  agreement  with  a  previous  report  (50)  but  has  no  further  apparent  effect  on 
syntaxin  4-positive  organelles.  Altogether,  these  results  demonstrate  that  the  occurrence  of 
intracellular  apical  and  basolateral  organelles  is  not  a  function  of  the  calcium  concentration  per  se 
but  rather  depends  on  the  degree  of  cell-cell  interactions. 

Protein  sorting  is  preserved  in  non-polarized  MDCK  cells 

The  presence  of  normally  apical  and  basolateral  plasma  membrane  t-SNAREs  in  cognate 
intracellular  compartments  in  non-polarized  cells  suggests  that  these  SNAREs  function  in  the 
membrane  fusion  of  vesicles  from  incoming  transport  pathways  that  are  equivalent  to  the  plasma 
membrane-directed  transport  pathways  in  polarized  cells.  We  investigated  how  several  proteins 
whose  trafficking  in  polarized  MDCK  cells  is  well  characterized  are  targeted  in  non-polarized 
cells. 

The  soluble  secretory  protein  gp80/clusterin  is  endogenously  expressed  in  MDCK  cells 
and  is  normally  secreted  apically  and  basolaterally  (approx.  2:1  ratio)  in  polarized  MDCK  cells 
(35).  It  shows  that  at  steady-state,  16  hours  after  plating  in  low-calcium  medium,  large  amounts 
of  gp80  are  retained  inside  individual  cells  and  localize  to  both  gp  13 5-positive  VACs  and  syntaxin 
4-positive  basolateral  organelles.  The  protein  must  have  reached  these  organelles  on  a  direct  route 
after  biosynthesis  because  otherwise  it  would  be  secreted  and  lost  from  the  cells.  To  estimate 
what  proportion  of  gp80  is  secreted  vs.  accumulated,  we  performed  pulse-chase  experiments  and 
compared  polarized  cells  grown  on  polycarbonate  filters  with  non-polarized  cells  grown  in  low- 
calcium  medium.  After  3  hours,  the  secretion  of  newly  synthesized  gp80  from  polarized  cells  is 
complete  with  62%  secreted  apically  and  36%  basolaterally.  In  contrast,  13%  of  gp80  remain 
intracellular  after  three  hours  on  a  whole-population-basis.  Considering  that  only  approximately 
half  of  the  cells  display  clearly  identifiable  apical  and  basolateral  intracellular  compartments  under 
the  culture  conditions,  we  estimate  that  approximately  one  quarter  of  the  synthesized  gp80  is 
diverted  into  apical  and  basolateral  intracellular  organelles  while  the  remainder  is  secreted. 

Next,  we  investigated  trafficking  of  the  polymeric  immunoglobulin  receptor  (plgR).  In 
polarized  MDCK  cells,  plgR  is  first  transported  to  the  basolateral  plasma  membrane  domain  and 
is  subsequently  transcytosed  to  the  apical  plasma  membrane  and  released  into  the  apical  medium 
after  proteolytic  cleavage  (56).  We  asked  whether  plgR  would  be  'transcytosed'  into  the  VAC  in 
non-polarized  MDCK  cells.  We  found  that  after  16  hour  incubation  in  low-calcium  medium,  a 
large  amount  of  plgR  accumulates  in  the  VAC.  To  support  the  interpretation  that  this  is 
equivalent  to  the  situation  in  polarized  cells  and  follows  an  indirect  route  via  the  plasma 
membrane,  we  incubated  non-polarized  MDCK  cells  expressing  plgR  in  the  presence  of  polymeric 
immunoglobulin  A  (IgA),  the  ligand  of  plgR.  If  at  least  a  fraction  of  the  plgR  is  targeted  first  to  the 
plasma  membrane  before  it  reaches  the  VAC  we  would  expect  that  it  has  the  ability  to  transport 
IgA  from  the  medium  into  the  VAC.  We  found  that  this  is  the  case.  After  incubation  for  16  hours 
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the  majority  of  the  internalized  IgA  is  found  in  gpl  3 5-positive  VACs  demonstrating  the 
specificity  of  this  cognate  transcytotic  pathway  in  non-polarized  MDCK  cells. 

Two  mutant  forms  of  the  plgR  have  been  previously  generated  that  are  deficient  in  direct 
TGN-to-basolateral  plasma  membrane  transport  in  polarized  MDCK  cells  and  are  instead  directly 
targeted  to  the  apical  domain.  Signal-less-pIgR  (SL-pIgR)  is  a  transmembrane  protein  in  which  the 
basolateral  targeting  signal  in  the  cytoplasmic  domain  of  plgR  has  been  deleted  (39).  In  the  GPI- 
anchored  plgR  (GPI-pIgR)  the  entire  cytoplasmic  domain  has  been  deleted  (40)  resulting  in  the 
attachment  of  a  GPI-anchor  (S.L.,  K.M.,  T.W.,  manuscript  in  preparation).  We  have  previously 
shown  that  the  trafficking  to  the  apical  plasma  membrane  of  SL-  and  GPI-pIgR  involves  syntaxin 
3  and  SNAP-23  (17).  Both  proteins  are  transported  to  the  gpl35-positive  VAC  in  non-polarized 
MDCK  cells.  To  assess  whether  the  VAC  is  reached  directly  after  biosynthesis  or  indirectly  after 
initial  delivery  to  the  plasma  membrane,  we  measured  the  surface  delivery  of  SL-pIgR 
quantitatively  by  pulse-chase  analysis.  We  made  use  of  the  previous  finding  that  the 
extracytoplasmic  domain  of  plgR  contains  a  cleavage  site  that  allows  the  rapid  release  of  this 
domain  into  the  medium  in  the  presence  of  low  amounts  of  Staphylococcus  aureus  V8 
endoprotease.  Surface  delivery  of  SL-pIgR  in  filter-grown  polarized  cells  is  complete  after  3  hours 
with  an  apical/basolateral  ratio  of  approximately  4:1.  In  contrast  to  the  observed  diminished 
secretion  of  gp80  (see  above),  the  kinetics  of  SL-pIgR  surface  delivery  were  nearly  identical 
between  polarized  and  non-polarized  cells.  This  indicates  that  almost  all  of  the  SL-pIgR  that  is 
found  in  the  VAC  at  steady-state  has  reached  this  organelle  indirectly  via  the  plasma  membrane. 
This  is  supported  by  the  finding  that  SL-pIgR  is  able  to  transport  IgA  from  the  medium  into  the 
VACs  (data  not  shown). 

In  contrast  to  IgA,  transferrin  is  normally  endocytosed  from  the  basolateral  plasma 
membrane  and  recycled  back  to  the  same  domain  in  polarized  MDCK  cells.  Only  a  very  small 
percentage,  if  any,  of  internalized  transferrin  is  transcytosed  to  the  apical  plasma  membrane  (22, 
57).  If  the  VAC  is  indeed  a  cognate  compartment  to  the  apical  plasma  membrane,  we  expect  that 
transferrin  added  to  the  medium  would  have  no  access  to  this  compartment.  After  16  hour 
incubation,  transferrin  is  internalized  in  non-polarized  MDCK  cells  but  remains  excluded  from  the 
gpl 3 5-positive  VAC.  Instead,  internalized  transferrin  significantly  co-localizes  with  syntaxin  4  in 
large  intracellular  organelles.  This  result  shows  that  transferrin  is  endocytosed  and  -  instead  of 
being  recycled  to  the  basolateral  plasma  membrane  in  polarized  cells  -  at  least  a  fraction  of  it  is 
transported  to  the  intracellular  syntaxin  4  compartment.  The  majority  of  the  additional  small 
punctate  transferrin-staining  does  not  coincide  with  syntaxin  4  but  is  typical  for  endosomes  which 
transferrin  normally  travels  through.  These  results  indicate  that  the  intracellular  syntaxin  4- 
compartment  is  distinct  from  typical  endosomes  but  receives  endocytic  traffic  characteristic  of  the 
basolateral  plasma  membrane. 

Together,  these  results  strongly  suggest  that  the  intracellular  apical  and  basolateral 
compartments  in  non-polarized  MDCK  cells  are  cognate  compartments  to  the  apical  and 
basolateral  plasma  membrane  in  polarized  cells.  They  are  equipped  with  a  set  of  t-SNAREs  that 
corresponds  to  the  respective  domains  of  polarized  cells  and  receive  membrane  traffic  from 
equivalent  biosynthetic  and  endocytic  pathways.  The  over-all  conclusion  from  these  findings  is 
that  protein  sorting  is  still  preserved  after  MDCK  cells  have  lost  their  cell  polarity  and  that  apical 
and  basolateral  proteins  are  not  simply  being  randomly  mixed  together. 

In  the  present  paper  we  show  that  t-SNAREs  that  are  normally  localized  at  the  plasma 
membrane  in  polarized  epithelial  cells  distribute  to  intracellular  compartments  when  cell  polarity 
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is  lost  or  not  yet  established.  Syntaxin  1 1  was  identified  as  a  new  additional  plasma  membrane 
SNARE  in  polarized  MDCK  cells.  This  increases  the  number  of  epithelial  plasma  membrane 
syntaxins  to  four  and  raises  the  question  whether  they  all  serve  separate  membrane  traffic 
pathways.  Only  syntaxins  3  and  4  show  a  polarized  distribution  at  the  apical  and  basolateral 
plasma  membrane  domain,  respectively,  while  syntaxins  2  and  1 1  and  SNAP-23  localize  to  both 
domains.  SNAP-23  may  be  a  common  binding  partner  of  all  plasma  membrane  syntaxins  as  it  can 
bind  to  syntaxins  1,  2,  3,  4  and  11  (19,  30).  To  date,  the  only  functional  information  on  the 
involvement  of  syntaxin  homologues  in  plasma  membrane  traffic  in  polarized  cells  is  available  for 
syntaxin  3  which  plays  a  role  in  transport  from  the  TGN  and  from  apical  endosomes  to  the  apical 
plasma  membrane  (17,  58)  and  syntaxin  4  which  was  found  to  be  involved  in  the  biosynthetic 
pathway  leading  to  the  basolateral  plasma  membrane  (58).  The  role  of  the  nonpolarized  syntaxins 
2  and  1 1  remains  unclear  but  they  may  serve  non-polarized  pathways  directed  towards  both 
domains.  Syntaxin  1 1  has  been  reported  to  localize  to  endosomal  and  TGN-related  compartments 
when  exogenously  expressed  in  non-polarized  NRK  or  HeLa  cells  (30,  43).  We  show  that  in  non¬ 
polarized  MDCK  cells  syntaxin  1 1  is  also  localized  to  punctate  intracellular  vesicles  with  very 
little,  if  any,  detectable  plasma  membrane  staining.  However,  as  the  cells  form  a  polarized 
monolayer,  the  majority  of  syntaxin  11  re-localizes  to  both  the  apical  and  basolateral  plasma 
membrane  domains.  This  suggests  that,  at  least  in  polarized  epithelial  cells,  syntaxin  1 1  functions 
primarily  as  a  plasma  membrane  t-SNARE.  The  tissue  distribution  of  syntaxin  1 1  (30,  43,  44), 
suggests  that  it  may  be  predominantly  expressed  in  epithelial  cells  which  is  supported  by  our 
finding  that  it  is  expressed  in  several  epithelial  cell  lines.  This  emphasizes  the  importance  of 
studying  localization  and  function  of  SNAREs  in  fully  differentiated  cells,  such  as  polarized 
epithelial  cells. 

All  of  the  plasma  membrane  t-SNAREs  re-localize  to  varying  degrees  to  intracellular 
compartments  in  MDCK  cells  when  the  formation  of  a  polarized  cell  monolayer  is  prevented 
either  temporarily  during  the  course  of  the  establishment  of  a  monolayer  or  after  a  sustained 
inhibition  of  cell  contacts  in  low-calcium  medium.  t-SNAREs  are  an  integral  part  of  the  machinery 
accomplishing  the  final  step  of  each  membrane  trafficking  pathway.  Therefore,  this  surprising 
result  strongly  suggests  that  membrane  trafficking  pathways  that  are  normally  directed  to  the 
plasma  membrane  in  polarized  epithelial  cells  undergo  a  fundamental  shift  towards  intracellular 
compartments  upon  loss  of  cell  polarity.  This  may  have  profound  implications  for  our 
understanding  of  the  pathogenesis  of  diseases  involving  a  loss  of  epithelial  polarity,  e.g.  the 
mistargeting  of  basement  membrane  proteins,  proteases,  integrins  etc.  that  play  a  role  in  the 
pathogenesis  of  invasive  and  metastatic  carcinomas  (28),  or  the  mistargeting  of  ion  transporters, 
growth  hormone  receptors  etc.  in  non-cancerous  epithelial  diseases  such  as  polycystic  kidney 
disease  (59,  60).  Also,  during  tubule  formation  -  e.g.  in  kidney  development  -  epithelial  cells 
temporarily  lose  their  cellular  polarity  while  cell-rearrangements  occur  (61). 

Is  it  possible  that  the  observed  intracellular  localization  of  SNAREs  in  non-polarized 
MDCK  cells  is  an  artifact  caused  by  heterologous  SNARE-expression  or  calcium-deficiency? 
Most  experiments  presented  here  made  use  of  canine  MDCK  cells  that  stably  express  rat 
(syntaxins  2,  3,  4)  or  human  (syntaxin  11,  SNAP-23)  t-SNAREs.  The  following  considerations 
argue  against  the  idea  that  heterologously  expressed  SNAREs  would  be  targeted  different  from 
endogenous  SNAREs.  First,  the  expression-levels  are  generally  comparable  to  the  endogenous 
levels  (16, 18)).  Second,  the  comparison  of  either  different  clones  with  varying  SNARE-expression 
levels  or  individual  cells  in  a  mixed  clonal  population  fails  to  reveal  a  correlation  between 
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expression-level  and  subcellular  localization,  both  in  polarized  and  non-polarized  cells.  Third,  the 
localization  of  syntaxins  (16)  and  SNAP-23  (18)  in  transfected  MDCK  cells  could  be  confirmed 
with  endogenously  expressed  proteins  in  other  cell  lines  or  tissues  (20,  23,  24,  25,  26).  Fourth,  in 
this  study  we  have  shown  that  endogenously  expressed  syntaxin  3  in  Caco-2  cells  localizes  to 
VACs  just  as  in  transfected  MDCK  cells.  Altogether,  we  therefore  consider  it  unlikely  that 
SNARE-expression  levels  as  used  in  this  study  have  adverse  effects  on  SNARE-targeting  in 
MDCK  cells.  The  possibility  that  cellular  calcium-depletion  per  se  may  cause  the  generation  of 
intracellular  plasma  membrane  organelles  independent  of  epithelial  cell  polarity  is  unlikely  for  the 
following  reasons.  First,  VACs  have  been  observed  by  others  in  mammary  carcinoma  cells  grown 
in  medium  containing  a  regular  calcium  concentration  (50).  Second,  VAC-like  organelles  are 
frequently  found  in  a  variety  of  carcinomas  in  situ  (49,  50)  and  in  intestinal  epithelial  cells  in  the 
genetic  disorder  microvillus  inclusion  disease  (62).  Third,  the  intracellular  calcium  concentration 
has  been  measured  previously  in  MDCK  cells  grown  in  high-  or  low-calcium  medium  and  was 
found  to  be  not  significantly  different  (47).  Fourth,  we  observed  VACs  and  syntaxin  4-positive 
basolateral  organelles  in  MDCK  cells  that  are  grown  in  regular-calcium  medium  either  for  brief 
periods  of  time  ,  and  in  single  cells  or  cells  at  the  edge  of  cell  patches  after  sparse  seeding  and 
growth  for  1 6  hours  . 

The  VAC  has  been  described  and  characterized  previously  in  non-polarized  MDCK  cells 
and  other  epithelial  cell  lines  as  well  as  in  carcinomas  (47,  50,  63,  64,  65).  In  contrast,  to  our 
knowledge,  the  basolateral  compartment  that  we  identified  here  is  a  novel  organelle  that  has  not 
been  described  previously,  perhaps  because  of  the  lack  of  availability  of  a  marker  protein  such  as 
syntaxin  4.  Our  data  shows  that  the  syntaxin  4-compartment  contains  other,  normally  basolateral, 
plasma  membrane  proteins  such  as  the  Na/K-ATPase  and  the  antigen  6.23.3.  In  addition,  this 
compartment  possesses  a  prominent  membrane  cytoskeleton  containing  actin  and  fodrin  which  it 
typical  for  the  basolateral  plasma  membrane  in  polarized  cells.  This  organelle  excludes  apical 
plasma  membrane  markers  including  the  apical-specific  syntaxin  3.  We  could  show  that  this  novel 
organelle  does  not  overlap  with  the  morphologically  similar  Golgi  apparatus  or  the  aggresome.  The 
absence  of  the  lysosomal  protein  LAMP-2  as  well  as  ubiquitin  makes  it  highly  unlikely  that  the 
syntaxin  4-positive  organelles,  or  VACs,  are  degradative  compartments. 

The  presence  of,  normally  apical  or  basolateral,  plasma  membrane  t-SNAREs  on 
intracellular  organelles  in  non-polarized  cells  suggests  that  plasma  membrane  proteins  and 
secretory  proteins  are  targeted  into  these  vacuoles.  Since  apical  and  basolateral  SNAREs  are  found 
in  two  separate  organelles,  this  suggest  that  protein  sorting  is  still  preserved  in  non-polarized 
MDCK  cells.  Our  finding  that  internalized  IgA  reaches  only  the  VAC  while  transferrin  reaches  the 
syntaxin  4-positive  organelle  demonstrates  that  both  compartments  receive  endocytic  traffic  and 
that  trafficking  into  these  organelles  is  specific.  Both  compartments  also  receive  direct 
biosynthetic  traffic  since  the  soluble  secretory  protein  gp80  accumulates  in  them.  By  pulse-chase 
analysis,  we  found  however  that  only  a  fraction  of  gp80  (estimated  25%)  is  deposited  into  VACs 
and  syntaxin  4-organelles  while  the  majority  is  secreted.  This  fits  with  the  finding  that  even  in 
non-polarized  cells,  variable  amounts  of  plasma  membrane  SNAREs  are  typically  located  at  the 
plasma  membrane  in  addition  to  intracellular  organelles.  In  contrast  to  the  soluble  marker  gp80,  the 
sorting  of  integral  membrane  proteins  into  apical  and  basolateral  intracellular  organelles  appears  to 
be  more  efficient.  At  steady-state,  gpl35  is  often  very  strongly  enriched  in  VACs  while  Na/K- 
ATPase  and  the  6.23.3.-antigen  are  strongly  enriched  in  basolateral  organelles.  Our  data  indicates 
that  this  high  efficiency  is  mostly  due  to  sorting  after  endocytosis  of  these  proteins.  Pulse-chase 
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analysis  of  the  SL-pIgR  shows  that  nearly  all  of  the  newly  synthesized  protein  is  initially  targeted 
to  the  surface.  Since  SL-pIgR  is  able  to  internalize  IgA  into  VACs,  and  since  we  find  SL-pIgR 
enriched  in  VACs  at  steady-state,  the  majority  of  the  protein  must  be  internalized  and  transported 
to  VACs  after  its  initial  plasma  membrane-delivery.  This  is  the  first  direct  evidence  that  trafficking 
into  VACs  follows  mostly  an  indirect  route  via  the  plasma  membrane.  It  had  been  suggested 
previously  that  trafficking  of  the  influenza  hemagglutinin  into  VACs  occurs  directly  from  the 
TGN  (66),  but  the  possibility  of  an  indirect  pathway  could  not  be  experimentally  excluded. 

Together,  our  results  suggests  that  apical/basolateral  sorting  is  preserved  in  non-polarized 
epithelial  cells  and  leads  to  specific  intracellular  organelles.  It  has  been  found  previously  that  non¬ 
polarized,  fibroblastic  cells  also  have  the  capability  to  sort  apical  and  basolateral  plasma 
membrane  proteins  (presumably  in  the  TGN)  and  transport  them  on  separate  routes  to  the 
identical  plasma  membrane  (67,  68).  A  major  difference  between  non-polarized  cells  of  epithelial 
and  non-epithelial  origin  may  therefore  be  that  in  the  former  plasma  membrane  proteins  are 
eventually  retained  inside  the  cell  rather  than  displayed  at  the  surface. 

What  can  be  the  possible  function  of  "intracellular  apical  and  basolateral  plasma 
membranes"?  These  compartments  are  observed  in  epithelial  cells  that  have  lost  their  cellular 
polarity  temporarily  (e.g.  sparsely  seeded  cells  that  have  not  yet  established  cell  contacts)  or 
permanently  (e.g.  when  cell  contacts  are  inhibited  or  in  tumor  cells).  It  is  likely  that  many  plasma 
membrane  or  secreted  proteins  are  still  synthesized  under  these  conditions.  We  speculate  that 
there  may  be  two  reasons  for  the  intracellular  sequestration  of  plasma  membrane  proteins  by  non¬ 
polarized  epithelial  cells.  The  phenomenon  may  be  a  cellular  survival  mechanism:  to  re-localize 
(normally  apical  and  basolaterally  separated)  ion  channels  and  transporters  to  intracellular 
compartments  which  would  prevent  potential  ATP-depletion  due  to  futile  cycles  of  ion  transport 
in  and  out  of  the  cell.  Also,  excessive  intracellular  ion  accumulation  or  depletion  would  be 
prevented.  This  view  is  supported  by  our  finding  that  the  majority  of  Na/K-ATPase  re-localizes 
to  VBCs.  The  phenomenon  may  also  be  an  organismal  protection  mechanism  since  it  would 
prevent  the  unwanted  surface-display  of  inappropriate  proteins,  e.g.  proteases,  cell-cell-  or  cell- 
matrix  interacting  proteins  that  may  promote  tumor  invasion  and  metastasis.  Interestingly,  a 
variety  of  hydrolytic  enzymes  that  are  normally  expressed  at  the  apical  plasma  membrane  of 
Caco-2  cells  have  been  found  in  VACs  after  microtubule  disruption  (63).  The  finding  that  neither 
the  apical  nor  basolateral  vacuoles  appear  to  be  degradative,  lysosomal  compartments  indicates 
that  proteins  may  be  stored  in  them  for  later  use  once  cell  contacts  have  been  re-established.  This 
is  supported  by  the  observation  that  VACs  can  be  rapidly  exocytosed  as  a  whole  from  MDCK 
cells  after  re-establishment  of  cell-cell  contacts  (64)  or  after  raising  the  intracellular  cAMP 
concentration  (65). 

FOOTNOTES 

Abbreviations: 

IgA,  immunoglobulin  A 
MDCK,  Madin-Darby  canine  kidney 
plgR,  polymeric  immunoglobulin  receptor 
SL-pIgR,  Signal-less-pIgR 

SNARE,  soluble  N-ethyl  maleimide  sensitive  factor  (NSF)  attachment  protein  (SNAP)  receptor 
t-SNARE,  target  membrane  SNARE 
v-SNARE,  vesicle  membrane  SNARE 
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TGN,  trans  Golgi  network 
VAC,  vacuolar  apical  compartment 

6.  KEY  RESEARCH  ACCOMPLISHMENTS 

•  We  identified  syntaxin-1 1  as  a  novel  apical  and  basolateral  plasma  membrane  t-SNARE. 

•  All  plasma  membrane  t-SNAREs,  2,3,4,  11,  redistribute  to  intracellular  locations  when 
MDCK  cells  lose  their  cellular  polarity. 

•  Apical  SNAREs  re-localize  to  the  previously  characterized  vacuolar  apical  compartment 
(VAC). 

•  Basolateral  SNAREs  redistribute  to  a  novel  organelle  that  appears  to  be  the  basolateral 
equivalent  of  the  VAC. 

•  Both  'intracellular  plasma  membrane  compartments'  have  an  associated  prominent  actin 
cytoskeleton  and  receive  membrane  traffic  from  cognate  apical  or  basolateral  pathways, 
respectively. 

7.  REPORTABLE  OUTCOMES 

Pollack,  A.L.,  Runyan,  R.B.  and  Mostov,  K.E.  Morphogenetic  mechanisms  of  epithelial 
tubulogenesis:  MDCK  cell  polarity  is  transiently  rearranged  without  loss  of  cell-cell  contact 
during  scatter  factor/hepatocyte  growth  factor-induced  tubulogenesis.  Dev.  Biol.,  204:64-79, 
1998. 

Low,  S.-H.,  Miura,  M.,  Roche,  P.A.,  Valdez,  A.C.,  Mostov,  K.E.,  and  Weimbs,  T.  Intracellular 
redirection  of  plasma  membrane  trafficking  after  loss  of  epithelial  cell  polarity.  Mol.  Biol.  Cell, 
11:3045-3060,  2000. 

8.  CONCLUSIONS 

In  conclusion,  we  have  shown  that  upon  loss  of  cell  polarity  epithelial  cells  re-localize  plasma 
membrane  t-SNAREs  and  re-direct  membrane  trafficking  pathways  to  intracellular  cognate  apical 
and  basolateral  compartments.  This  is  likely  to  be  a  general  phenomenon  in  epithelia  and  may  play 
a  fundamental  role  in  the  pathogenesis  of  epithelial  diseases  that  involve  a  break-down  of  cell 
polarity. 
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Many  organ  systems  are  composed  of  networks  of  epithelial  tubes.  Recently,  molecules  that  induce  development  of 
epithelial  tubules  and  regulate  sites  of  branching  have  been  identified.  However,  little  is  known  about  the  mechanisms 
regulating  cell  rearrangements  that  are  necessary  for  tubule  formation.  In  this  study  we  have  used  a  scatter  factor/ 
hepatocyte  growth  factor-induced  model  system  of  MDCK  epithelial  cell  tubulogenesis  to  analyze  the  mechanisms  of  cell 
rearrangement  during  tubule  development.  We  examined  the  dynamics  of  cell  polarity  and  cell- cell  junctions  during  tubule 
formation  and  present  evidence  for  a  multistep  model  of  tubulogenesis  in  which  cells  rearrange  without  loss  of  cell- cell 
contacts  and  tubule  lumens  form  de  novo.  A  three-dimensional  analysis  of  markers  for  apical  and  basolateral  membrane 
subdomains  shows  that  epithelial  cell  polarity  is  transiently  lost  and  subsequently  regained  during  tubulogenesis. 
Furthermore,  components  of  cell- cell  junctional  complexes  undergo  profound  rearrangements:  E-cadherin  is  randomly 
distributed  around  the  cell  surface,  desmoplakins  I/II  accumulate  intracellular ly,  and  the  tight  junction  protein  ZO-1 
remains  localized  at  sites  of  cell- cell  contact.  This  suggests  that  differential  regulation  of  cell- cell  junctions  is  important 
for  the  formation  of  tubules.  Therefore,  during  tubulogenesis,  cell- cell  adhesive  contacts  are  differentially  regulated  while 
the  polarity  and  specialization  of  plasma  membrane  subdomains  reorganize,  enabling  cells  to  remain  in  contact  as  they 
rearrange  into  new  structures.  ©  1998  Academic  Press 

Key  Words:  tubulogenesis;  epithelial  polarity;  cell- cell  adhesion;  kidney;  morphogenesis. 


INTRODUCTION 

Tubulogenesis  is  a  developmental  process  common  to  the 
formation  of  many  organs,  including  lung,  salivary  gland, 
mammary  gland,  pancreas,  and  kidney.  Recent  studies  have 
shown  that  induction  of  morphogenesis  of  epithelial  tu¬ 
bules  in  several  different  organs  requires  a  complex  inter¬ 
play  of  many  factors  and  receptors  (Kjelsberg  et  al,  1997; 

1  To  whom  correspondence  should  be  addressed  at  the  Depart¬ 
ment  of  Cell  Biology  and  Anatomy,  Box  245044,  University  of 
Arizona  Health  Sciences  Center,  Tucson,  AZ  85724-5044.  Fax: 
(520)  626-2097.  E-mail:  luar@ns.arizona.edu. 


Sakurai  et  al.,  1997a,b;  Sariola  and  Sainio,  1997;  Vainio  and 
Muller,  1997).  For  instance,  during  mammalian  metaneph- 
ric  kidney  development,  glial  cell-derived  neurotrophic 
factor  and  its  receptors,  c-ret  and  GFRa-1,  have  been  shown 
to  be  involved  in  induction  of  tubulogenesis  from  the 
ureteric  bud  (Moore  etal.,  1996;  Pichel  etal,  1996;  Sanchez 
et  al.,  1996;  Schuchardt  et  al.,  1994).  Similarly,  genetic 
analysis  has  identified  several  genes  that  control  initiation 
of  branching  and  direction  of  outgrowth  of  epithelial  tu¬ 
bules  during  tracheal  development  in  Drosophila  (Klambt 
et  al.,  1992;  Sutherland  et  al.,  1996).  In  addition,  antibody 
treatment  of  cultured  kidney  organ  rudiments  has  demon¬ 
strated  that  scatter  factor/hepatocyte  growth  factor  (SF/ 
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HGF)  can  regulate  tubule  development  (Woolf  et  al.,  1995). 
These  growth  factors  and  receptors  can  be  considered  the 
“upstream”  regulators  of  tubulogenesis. 

The  “downstream”  response  to  induction  of  epithelial 
tubulogenesis  presumably  involves  cell  movements  and 
changes  in  cell  adhesion,  intercellular  junctions,  and  cell 
polarity.  In  contrast  to  the  inductive  signals,  downstream 
responses  during  epithelial  tubulogenesis  have  previously 
received  relatively  little  discussion  in  the  cell  biological 
literature  (Gumbiner,  1992),  perhaps  because  of  the  relative 
difficulty  of  examining  tubulogenesis  in  experimental  sys¬ 
tems  that  have  often  involved  the  culturing  of  embryonic 
organ  rudiments.  In  this  paper  we  studied  the  downstream 
responses  to  induction  of  tubule  formation  in  order  to 
understand  the  mechanisms  of  cell  rearrangement  during 
tubulogenesis. 

A  significant  advance  for  studying  mechanisms  of  tubu¬ 
logenesis  was  made  by  the  development  of  an  in  vitro 
tubulogenesis  model  system  using  Madin-Darby  canine 
kidney  (MDCK)  epithelial  cells  induced  by  SF/HGF  (Mon- 
tesano  et  al. ,  1991a,b).  The  bipartite  name  of  SF/HGF 
reflects  that  it  was  independently  isolated  for  two  separate 
functions.  SF  was  first  identified  as  a  factor  in  fibroblast- 
conditioned  medium  that,  when  added  to  MDCK  cells 
grown  as  small  islands  on  an  impermeable  support,  causes 
the  cells  to  scatter.  HGF  was  defined  by  its  ability  to  induce 
mitogenesis  of  cultured  hepatocytes.  It  was  later  discovered 
that  these  two  factors  are  identical  and  that  SF/HGF  is  a 
ligand  for  the  c-met  protooncogene  (c-met),  a  receptor 
tyrosine  kinase  (Birchmeier  and  Birchmeier,  1993;  Como- 
glio,  1993;  Furlong,  1992;  Rosen  et  ah,  1994).  Previous 
studies  have  shown  that  SF/HGF  induces  collagen  gel 
cultures  of  various  epithelial  cell  types  to  undergo  morpho¬ 
genesis  into  organ-like  structures  that  have  characteristics 
of  the  organ  from  which  the  cells  were  derived  (Brinkmann 
et  al.,  1995).  MDCK  cells  form  hollow  fluid-filled  cysts 
when  cultured  in  collagen  gels.  Exposure  of  these  preformed 
epithelial  cysts  to  SF/HGF  causes  the  cysts  to  develop 
branching  tubules  in  a  process  that  resembles  tubulogenesis 
in  vivo. 

When  grown  as  a  monolayer  on  a  permeable  filter  sup¬ 
port,  MDCK  cells  form  a  well-polarized  epithelial  mono- 
layer,  exhibiting  apical  and  basolateral  plasma  membrane 
domains  with  unique  compositions  and  well-defined  cell¬ 
cell  junctional  complexes  containing  tight  junctions  (TJ), 
adherens  junctions,  and  desmosomes  (DS)  (Drubin  and 
Nelson,  1996;  Rodriguez-Boulan  and  Nelson,  1989;  Weimbs 
et  al.,  1997).  Previous  studies  have  shown  that  MDCK 
epithelial  cells  within  both  initial  cysts  and  end-stage 
lumen-containing  tubules  are  polarized  with  microvilli  on 
lumenal  membranes,  distinct  apical  and  basolateral  mem¬ 
branes,  and  cell- cell  junctional  complexes  on  lateral  mem¬ 
brane  borders  (Montesano  et  al.,  1991b;  Santos  et  al.t  1993; 
Wang  et  ah,  1990a).  However,  the  dynamic  changes  in 
localization  of  apical/basolateral  membrane  markers  and 
cell- cell  junctional  proteins  during  the  transition  between 
cyst  and  tubule  have  not  been  identified. 


SF/HGF-induced  tubulogenesis  of  MDCK  cells  in  culture 
provides  an  excellent  model  system  to  study  MDCK  cell 
polarity  and  cell- cell  interactions  during  tubulogenesis. 
Studies  in  which  this  system  has  been  manipulated  by 
genetic  or  pharmacological  means  have  already  proven  to  be 
a  rich  source  of  information  on  the  mechanisms  of  tubulo¬ 
genesis  (Barros  et  al.f  1995;  Boccaccio  et  ah,  1998;  Cantley 
et  ah,  1994;  Crepaldi  et  ah,  1997;  Derman  et  al.,  1995; 
Dugina  etah,  1995;  Sachs  etal.,  1996;  Sakurai  etal.,  1997a; 
Sakurai  and  Nigam,  1997;  Santos  et  al.,  1993;  Santos  and 
Nigam,  1993;  Weidner  et  al.,  1995).  For  instance,  we  have 
previously  used  this  system  to  express  a  mutant  /3-catenin 
and  show  that  correct  interaction  of  /3-catenin  with  APC 
protein  is  essential  for  a  very  early  step  in  tubulogenesis 
(Pollack  et  al.,  1997).  Similar  studies  have  shown  that  a2 
integrins  are  critical  for  tubule  formation  (Berdichevsky  et 
al.,  1994;  Saelman  et  al.,  1995;  Schwimmer  and  Ojakian, 
1995).  Moreover,  recent  work  has  dissected  signaling  path¬ 
ways  regulating  tubulogenesis  that  are  activated  through 
the  c-met  receptor  (Boccaccio  et  al.,  1998;  Ponzetto  et  al., 
1994;  Royal  et  al.,  1997;  Sachs  et  al.,  1996;  Weidner  et  al., 
1996,  1995).  Given  the  pace  of  past  progress  and  the  future 
potential  using  this  system,  it  is  imperative  to  define  the 
basic  nature  of  the  cell  rearrangements  and  changes  in  cell 
adhesion,  junctions,  and  polarity  during  tubule  formation. 
This  analysis  will  form  the  basis  for  the  dissection  of  the 
mechanisms  of  cell  rearrangements  during  tubulogenesis. 

Several  different  models  have  been  suggested  to  explain 
the  morphogenetic  mechanisms  by  which  cells  rearrange  to 
form  tubules.  A  two-stage  dissociation/reassociation  model 
proposed  by  Thiery  and  Boyer  (1992)  attempted  to  reconcile 
the  apparently  contradictory  actions  of  SF/HGF  in  inducing 
scattering  of  MDCK  cells  grown  on  plastic  versus  tubula- 
tion  of  MDCK  cells  grown  in  collagen  gels.  In  the  first  stage 
of  this  model,  MDCK  cells  would  detach  from  the  cyst,  lose 
their  polarity,  and  migrate  as  single  cells  out  from  the  cyst 
and  into  the  surrounding  collagen  gel.  In  the  second  stage, 
the  migrating  single  cells  would  coalesce  and  reassemble 
into  multicellular  structures  that  form  tubules  of  polarized 
cells.  A  contrasting  model,  implicit  in  much  of  the  discus¬ 
sions  of  tubulogenesis,  envisions  that  tubules  form  as 
“outpouchings”  from  the  cyst;  in  this  model  the  lumen  of 
the  developing  tubule  is  always  continuous  and  directly 
connected  to  the  lumen  of  the  cyst  (Gilbert,  1994;  Sariola 
and  Sainio,  1997).  These  two  models  make  very  different 
predictions  not  just  about  cell  rearrangements,  but  about 
cell- cell  adhesion,  cell  junctions,  and  cell  polarity.  In  the 
two-stage  dissociation/reassociation  model,  cells  tran¬ 
siently  lose  all  cell- cell  adhesion  and  probably  most,  if  not 
all,  polarity,  before  reestablishing  these  de  novo.  In  con¬ 
trast,  the  outpouching  model  predicts  that  the  cells  never 
lose  adhesion  or  polarity  and  remain  in  a  monolayer  orga¬ 
nized  around  a  lumen. 

To  test  the  mechanisms  of  cell  rearrangement  in  tubulo¬ 
genesis  we  investigated  epithelial  cell- cell  interactions  and 
polarity  during  transitional  stages  in  the  development  of 
lumen-containing  tubules  by  examining  the  spatiotemporal 
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TABLE  1 

Protein  Markers  for  Epithelial  Cell  Polarity  and  Cell-Cell  Junctions 


Protein 

Location  in  polarized  epithelial  cells 

Proposed  function 

References 

E-cadherin 

Basolateral  plasma  membrane 

Adherens  junction 
cell-cell  adhesion 

Takeichi,  1991 

gpl35 

Apical  plasma  membrane 

? 

Ojakian  and  Schwimmer,  1988 

Desmoplakins  I  and  I 

Cytoplasmic  plaque  components  of 
desmosomes  on  lateral  plasma 
membrane 

Desmosome  cell¬ 
cell  adhesion 

Pasdar  et  al.,  1988b 

Garrod,  1993 

ZO-1 

Peripheral  membrane  component  of 
tight  junctions  at  the  border 
between  apical  and  basolateral 
plasma  membrane 

Tight  junction  cell¬ 
cell  adhesion 

Stevenson  et  al.,  1986 

distribution  of  markers  for  apical  and  basolateral  mem¬ 
branes  and  cell- cell  junctions  at  multiple  time  points 
throughout  tubule  formation.  We  find  that  during  the 
transition  from  a  cyst  to  a  tubule  there  is  an  initial  loss  of 
cell  polarity,  which  is  reestablished  as  lumen  formation 
proceeds.  We  also  find  that  lumen  formation  occurs  de  novo 
at  sites  of  cell- cell  contact,  rather  than  by  extrusion  of  the 
cyst  lumen.  Cell- cell  adhesion  is  maintained  throughout 
tubulogenesis.  However,  the  patterns  of  relocalization  of 
components  of  adherens  junctions,  tight  junctions,  and 
desmosomes  are  distinct  and  suggest  that  differential  regu¬ 
lation,  rather  than  disruption  of  cell- cell  associations,  Is  an 
important  mechanism  for  tubulogenesis. 

MATERIALS  AND  METHODS 

Cell  Culture 

MDCK  type  II  cells  (originally  isolated  at  the  EMBL  in  Heidel¬ 
berg)  (Louvard,  1980)  were  maintained  in  MEM  containing  Earle’s 
balanced  salt  solution  (MEM-EBSS;  Cellgro,  Mediatech,  Inc.,  Wash¬ 
ington,  DC)  supplemented  with  5%  FCS  (Hyclone,  Logan,  UT),  100 
U/ml  penicillin,  and  100  pg/ml  streptomycin  in  5%  C02/95%  air. 
For  growth  of  cells  in  three-dimensional  collagen  gels,  MDCK  cells 
were  trypsinized  and  then  triturated  at  room  temperature  into  a 
single-cell  suspension  of  5  X  104  cells/ml  in  a  type  I  collagen 
solution  containing  66%  Vitrogen  100  (3  mg/ml;  Celtrix,  Palo  Alto, 
CA),  IX  MEM,  2.35  mg/ml  NaHC03,  0.02  M  Hepes,  pH  7.6,  and 
12%  dHzO.  Cells  in  suspension  were  then  plated  onto  Nunc  filters 
(Cat.  No.  162243,  10  mm,  0.02-  to  0.2-/xm  pore  size;  Applied 
Scientific,  San  Francisco,  CA).  The  type  I  collagen  solution  was 
allowed  to  gel  by  incubation  at  37°C,  95%  air/5%  COz  prior  to 
addition  of  medium.  Cultures  were  fed  every  3-4  days  and  grown 
for  10-12  days,  until  MDCK  cell  cysts  with  lumen  were  formed. 

An  tibodies/Reagen  ts 

Hybridoma  cells  secreting  mouse  anti-E-cadherin  mAb  (rrl; 
Gumbiner  and  Simons,  1986)  were  a  kind  gift  from  B.  Gumbiner 


(Sloan-Kettering,  New  York,  NY).  Rat  mAb  R40.76  against  ZO-1 ,  a 
tight  junction  peripheral  membrane  protein  (Anderson  et  ah,  1988; 
Stevenson  et  al.,  1986),  was  obtained  from  B.  Stevenson  or  Chemi- 
con  (Chemicon  International,  Temecula,  CA).  Rabbit  polyclonal 
Ab  against  bovine  desmosomal  proteins  desmoplakins  I  and  II 
(dpi/ll;  Pasdar  and  Nelson,  1988a)  was  generously  provided  by  M. 
Pasdar  (University  of  Alberta,  Edmonton,  Canada)  and  W.  J.  Nelson 
(Stanford  University,  Stanford,  CA).  Mouse  mAb  3F2  supernatant 
against  gpl35,  a  MDCK  apical  membrane  glycoprotein  (Ojakian 
and  Schwimmer,  1988),  was  kindly  provided  by  W.  J.  Nelson 
(Stanford  University)  and  G.  Ojakian  (SUNY  Health  Science  Cen¬ 
ter,  Brooklyn,  NY).  The  marker  proteins  identified  by  the  above 
antibodies  are  described  in  Table  1 .  All  secondary  antibodies  used 
for  immunofluorescence  (goat  anti-mouse-FITC,  goat  anti-rat- 
FITC,  and  goat  anti-rabbit-FITC)  were  purchased  from  Jackson 
Immunoresearch  Laboratories  (West  Grove,  PA).  Propidium  iodide 
(ppl)  was  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 
Recombinant  human  HGF  was  generously  provided  by  R.  Schwall 
(Genentech,  South  San  Francisco.  CA). 


Production  of  Fibroblast-Conditioned  Media 
Containing  SF/HGF 

To  obtain  conditioned  medium  containing  SF/HGF,  MRC5  hu¬ 
man  lung  fibroblasts  (ATCC  CCL171)  were  grown  to  confluence  in 
DME  (DMEH21,  obtained  from  the  UCSF  cell  culture  facility) 
containing  10%  FBS  (Hyclone,  Logan,  UT),  100  U/ml  penicillin, 
and  100  pig/ml  streptomycin  in  T75  tissue  culture  flasks  (Corning, 
Corning,  NY)  or,  for  2x  conditioned  medium,  in  T 150  ridged  tissue 
culture  flasks  (Corning).  The  medium  was  replaced  with  30  ml  of 
fresh  medium  and  cell  culture  was  continued  for  3  days.  Condi¬ 
tioned  medium  was  collected,  centrifuged  to  remove  cell  debris, 
and  frozen  at  -20°C  until  use.  Control  conditioned  medium  was 
obtained  by  growing  D550  human  foreskin  fibroblasts  (kindly 
provided  by  Ward  D.  Peterson,  Detroit  Medical  Center,  Detroit,  MI) 
under  the  same  culture  conditions  as  for  MRC5  cells,  but  in 
MEM-EBSS  supplemented  with  0.1  mM  nonessential  amino  acids 
((100X  stock,  UCSF  cell  culture  facility),  0.1%  lactalbumin  hydro¬ 
lysate  (Sigma),  0.1  mg/ml  sodium  pyruvate  (100X  stock,  UCSF  cell 
culture  facility),  and  10%  FBS. 
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Treatment  ofMDCK  Cysts  with  SF/HGF- 
Containing  Media 

Three-dimensional  cultures  of  MDCK  cells  grown  to  form  cysts 
were  treated  for  various  numbers  of  days  with  D550  or  MRC5 
fibroblast-conditioned  media  diluted  1:1  with  MEM-EBSS,  5%  FBS. 
Cultures  were  refed  daily  with  freshly  diluted  conditioned  me¬ 
dium. 


Immunofluorescence  and  Confocal  Microscopy 

Cells  in  collagen  gel  cultures  were  processed  for  immunofluo¬ 
rescence  at  room  temperature  as  follows:  cultures  were  rinsed  with 
PBS,  pH  7.4,  containing  1  mM  CaCl2  and  0.5  mM  MgCl2  (PBS+), 
fixed  for  30  min  with  4%  paraformaldehyde  in  PBS+,  permeabilized 
for  30  min  with  0.025%  saponin  in  PBS+,  rinsed  with  PBS+,  and 
quenched  for  10  min  with  75  mM  NH4C1,  20  mM  glycine  in  PBS+, 
pH  8.0.  Nonspecific  binding  sites  were  blocked  by  rocking  for  30 
min  in  PBS+,  0.025%  saponin,  0.7%  fish  skin  gelatin  (block  buffer) 
followed  by  10  min  in  block  buffer  +  0.1  mg/ml  boiled  RNase  A. 
Samples  were  then  rocked  1-3  days  at  4°C  in  primary  antibodies 
diluted  into  blocking  buffer  containing  0.02%  azide.  Primary 
antibody  concentrations  were  as  follows:  rrl  mAb  supernatant,  3:1 ; 
R40.76  anti  ZO-1  ascites,  1:150;  R40.76  anti  ZO-1  mAb  superna¬ 
tant,  3:1;  rabbit  anti-dpI/II,  1:100;  and  gpl35  mAb  supernatant,  3:1. 
After  extensive  washing  with  PBS+/saponin  and  blocking  buffer, 
samples  were  incubated  overnight  at  4°C  in  blocking  buffer  con¬ 
taining  0.02%  azide  with  FITC-conjugated  secondary  antibodies 
diluted  1:100  and  ppl  diluted  1:1000  from  a  3-4  mg/ml  stock. 
Samples  were  then  washed  extensively,  postfixed  with  4%  parafor¬ 
maldehyde  in  0.1  M  cacodylate  buffer,  pH  7.4,  and  mounted  in 
Vectashield  (Vector  Labs,  Burlingame,  CA).  Specific  staining  was 
clearly  detected  in  confocal  images  of  collagen  gel  samples.  How¬ 
ever  trapping  of  secondary  antibody  aggregates  within  the  collagen 
gel  sometimes  resulted  in  bright  spots  of  staining  in  the  collagen 
gel  surrounding  the  cell  cultures. 

Confocal  images  were  collected  using  a  krypton-argon  laser  with 
K1  and  K2  filter  sets  coupled  to  a  Bio-Rad  MRC600  confocal  head 
and  an  Optiphot  II  Nikon  microscope  with  a  Plan  Apo  60X  1.4  NA 
objective.  Collagen  gel  cultures  were  imaged  in  the  x-y  plane  of  the 
sample  with  a  motor  step  size  of  0.5  or  1  p m,  Kalman  filtering  with 
five  frames/image,  and  the  diaphragm  set  at  1/3  open.  To  ensure  a 
complete  view  of  the  complex  three-dimensional  aspects  of  the 
structures  that  were  studied,  we  always  obtained  sets  of  serial 
sections  collected  in  the  x-y  plane  that  completely  spanned 
through  control  cysts  or  tubule-containing  structures.  Generally 
the  figures  shown  present  either  selected  individual  x-y  sections  or 
projections  of  several  consecutive  sections  that  were  selected  from 
these  complete  serial  sections.  The  data  were  analyzed  using 
Comos  and  NIH  Image  software.  Images  were  converted  to  TIFF 
format.  Contrast  levels  of  the  images  were  adjusted  and  composites 
were  prepared  using  Adobe  Photoshop  (Adobe  Co.,  Mountain  View, 
CA)  on  a  PowerMacintosh  7200/75  (Apple,  Cupertino,  CA). 


RESULTS 

Spatial  and  temporal  changes  in  epithelial  cell  surface 
domains  were  analyzed  during  tubulogenesis  by  examining 
the  distribution  of  marker  proteins  for  apical,  basolateral, 
and  junctional  membrane  specializations  during  the  devel¬ 


opment  of  tubules  from  SF/HGF-stimulated  MDCK  cell 
cysts  grown  in  collagen. 

Development  of  Lumen-Containing  Tubules  from 
MDCK  Cell  Cysts  Occurs  in  Four  Distinct  Stages 

To  investigate  how  cell- cell  interactions  and  polarity  are 
altered  during  morphogenetic  transitions  in  the  develop¬ 
ment  of  lumen-containing  tubules  from  polarized  cysts,  we 
studied  MDCK  cell  cysts  stimulated  for  various  amounts  of 
time  with  medium  containing  SF/HGF,  a  factor  known  to 
induce  epithelial  tubulogenesis. 

MDCK  cell  cysts  were  treated  between  0  and  7  days  with 
either  a  control  conditioned  medium  that  does  not  contain 
SF/HGF  or  a  SF/HGF-containing  conditioned  medium. 
Since  other  growth  factors  that  act  as  upstream  inducers  of 
tubulogenesis  may  be  present  in  the  conditioned  medium, 
we  also  examined  cultures  stimulated  with  purified  recom¬ 
binant  human  SF/HGF.  Similar  results  were  obtained  with 
purified  recombinant  human  SF/HGF  (data  not  shown), 
suggesting  that  the  downstream  events  examined  in  this 
study  were  induced  by  either  conditioned  medium  or  puri¬ 
fied  SF/HGF.  Cell  morphology  and  polarity  were  analyzed 
in  individual  confocal  sections  and  projections  of  serial 
confocal  sections  by  immunofluorescence  detection  of  nu¬ 
clei  (ppl  staining)  and  cell  membrane  proteins  E-cadherin 
and  GP135.  Morphological  transitions  that  were  observed 
during  tubule  development  are  first  shown  diagrammati- 
cally  in  Fig.  1  and  are  supported  in  data  presented  below. 
Although  morphogenesis  of  lumen-containing  tubules  oc¬ 
curs  as  a  continuous  process,  we  observe  four  distinct  stages 
of  tubule  development  which  we  define  as  follows:  (1) 
extensions,  (2)  chains,  (3)  cords,  and  (4)  tubules.  Cysts  (Fig. 
1  A)  are  composed  of  a  spherical  monolayer  of  MDCK  cells 
that  seals  off  a  fluid-filled  central  lumen.  Extensions, 
formed  after  1  day  of  stimulation,  consist  of  membrane 
protrusions  from  individual  cells  of  the  cyst  that  extend 
into  the  extracellular  matrix  (Fig.  IB).  Chains  of  cells  that 
are  connected  to  the  cyst  develop  within  1-3  days  of 
stimulation  (Fig.  1C).  After  3-5  days  of  SF/HGF  treatment, 
cords  form  that  are  two  to  three  cells  thick  and  develop 
discontinuous  lumens  (Fig.  ID).  Finally,  tubules  develop  in 
which  discontinuous  lumens  have  enlarged,  coalesced,  and 
become  continuous  with  the  lumen  of  the  cyst  (Fig.  IE). 
The  development  of  tubules  in  this  system  is  sequential, 
although  not  completely  synchronous,  and  tubules  in  sev¬ 
eral  stages  of  development  may  be  found  emanating  from  a 
single  cyst.  Therefore,  we  present  our  data  in  terms  of 
morphological  stages  rather  than  absolute  time  after  addi¬ 
tion  of  SF/HGF-containing  medium. 

Extension  and  Chain  Stages  of  Tubulogenesis: 
Polarity  of  MDCK  Membrane  Domains  Is  Lost  in 
Cells  That  Extend  from  a  Cyst  to  Form  a 
Branching  Chain 

To  analyze  epithelial  membrane  polarity  during  SF/HGF- 
induced  tubulogenesis  we  collected  stacks  of  l- pm  serial 
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FIG.  1.  Model  of  tubule  morphogenesis.  Development  of  tu¬ 
bules  from  polarized  cysts  is  a  continuous  process  that  passes 
through  four  morphologically  distinguishable  stages  which  we 
have  defined  as  follows:  (A,  stage  0)  polarized  cysts,  (B,  stage  1) 
extensions,  (C,  stage  2)  chains,  (D,  stage  3)  cords,  and  (E,  stage  4) 
lumen-containing  tubules.  Microvilli  are  indicated  as  small 
membrane  projections  into  the  lumens.  See  text  for  detailed 
explanation. 


confocal  sections  of  immunofluorescently  labeled  samples 
from  various  stages  of  tubule  development.  We  analyzed 
many  single  images  and  projections  of  image  stacks  for  the 
localization  of  E-cadherin  and  GP135,  well-known  markers 
for  basolateral  and  apical  membranes,  respectively  (Behrens 
et  al.,  1985;  Gumbiner  and  Simons,  1986;  Gumbiner  et  al., 
1988;  Le  Bivic  et  al.,  1990;  Ojakian  and  Schwimmer,  1988; 
Shore  and  Nelson,  1991;  Vestweber  and  Kemler,  1985). 
E-cadherin  is  a  cell- cell  adhesion  protein  that  concentrates 
in  the  region  of  the  apical  junctional  complex  of  MDCK 
cells  (Nathke  et  al.,  1994),  but  is  expressed  throughout  the 
basolateral  membrane  and  maintains  cell- cell  contacts 
through  calcium-dependent  homotypic  interactions  with 
adjacent  cells  (Takeichi,  1991).  Intracellular  targeting  as¬ 
says  have  shown  that  in  this  strain  of  MDCK  II  cells  98%  of 
newly  synthesized  E-cadherin  is  targeted  directly  to  the 
basolateral  surface  after  synthesis  (Crepaldi  et  al.,  1994). 
The  function  of  gpl35  has  not  been  identified.  Samples 
were  double-labeled  with  ppl  to  denote  the  localization  of 
nuclei  relative  to  these  membrane  markers.  Representative 
individual  confocal  sections,  with  images  split  to  distin¬ 
guish  membrane  markers  from  nuclear  staining,  are  shown 
in  Fig.  2. 

MDCK  cell  cysts  grown  in  the  absence  of  SF/HGF  stimu¬ 
lation  are  shown  in  Figs.  2A  and  2B.  In  cysts,  E-cadherin  is 
localized  predominantly  at  lateral  membranes  in  regions  of 
cell-  cell  contact  but  is  also  found  at  membranes  that  are  in 
contact  with  the  extracellular  matrix  (Fig.  2 A,  arrows). 
E-cadherin  is  absent  at  membranes  facing  the  lumen  of  the 
cyst  (Fig.  2 A,  filled  arrowheads).  Gpl35  is  localized  toward 
the  interior  of  the  cyst  relative  to  ppl-stained  nuclei  and 
delineates  the  lumenal  membrane  of  MDCK  cell  cysts  (Figs. 
2B  and  2B\  arrows).  Some  gpl35  appears  to  be  within  the 
cyst  lumen,  but  most  likely  represents  staining  of  apical 
microvilli.  Gpl35  is  clearly  absent  from  lateral  cell- cell 
borders  and  cell-substrate  contacts  in  MDCK  cell  cysts. 
These  results  confirm  that  MDCK  cell  cysts  grown  in 
three-dimensional  collagen  gel  cultures  are  polarized  with 
markers  of  the  basolateral  surface  at  cell- cell  and  cell-ECM 
borders  and  markers  of  the  apical  surface  at  lumenal  mem¬ 
branes  of  the  cyst. 

The  first  stage  of  SF/HGF-induced  tubule  formation, 
development  of  extensions,  is  shown  in  Figs.  2C  and  2D. 
During  extension  formation,  individual  cells  of  a  cyst  are 
stimulated  to  protrude  into  the  surrounding  collagen  ma¬ 
trix.  E-cadherin  staining  surrounds  the  cellular  extensions, 
localizing  at  both  cell-substrate  and  cell- cell  borders  (Fig. 
2C,  arrows).  The  open  arrowhead  in  Fig.  2C  points  out  the 
mouth  of  a  narrow  lumenal  space  between  two  cells  that 
adjoin  opposite  sides  and  project  under  the  extending  cell 
where  it  has  receded  from  the  cyst.  The  filled  arrowhead  in 
Fig.  2C  points  to  the  remaining  lumenal  surface  of  the 
extending  cell.  Note  that  this  surface  is  devoid  of 
E-cadherin.  E-cadherin  remains  at  lateral  membrane  bor¬ 
ders  of  cells  in  the  cyst  wall  that  are  not  extending.  Note, 
however,  that  often  cysts  are  not  perfect  hollow  spheres 
(e.g.,  in  Fig.  2C)  and  E-cadherin  is  also  found  at  lateral 
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FIG.  2.  Distinct  apical/basolateral  polarity  is  lost  during  early  stages  of  tubulogenesis.  In  A-F'  each  image  pair  represents  a  single  confocal 
section  taken  from  serially  sectioned  samples  that  were  scanned  simultaneously  for  FITC  and  ppl.  Images  are  split  so  that  staining  for 
E-cadherin  (A,  C,  and  E)  or  gpl35  (B,  D,  and  F)  is  in  the  left  half  and  nuclear  staining  (ppl;  A'-F')  is  in  the  right  half.  E-cadherin  is  strictly 
basolateral  in  polarized  cysts  (A,  closed  arrows),  as  E-cadherin  staining  is  not  detected  at  apical  lumenal  membranes  (A,  closed  arrowheads). 
Closed  arrows  in  B  and  B'  are  aligned  to  demonstrate  that  gpl35  is  strictly  localized  to  the  apical  membrane  facing  the  lumen  of  polarized 
cysts.  During  the  formation  of  cellular  extensions  (C,  C')  E-cadherin  staining  is  observed  on  membranes  surrounding  the  extension  in 
regions  of  cell- cell  and  cell-substrate  contact  (closed  arrows).  E-cadherin  is  excluded  from  the  lumenal  membrane  (closed  arrowhead), 
indicating  that  apical/basolateral  polarity  is  retained.  Cells  neighboring  the  site  of  tubule  initiation  project  apically  under  the  extending  cell 
(open  arrowhead).  Gpl35  staining  in  D  (closed  arrows)  indicates  that  polarity  of  apical  membranes  is  retained  in  extensions.  Cells  in  chains 
are  completely  surrounded  by  E-cadherin  (E,  open  arrow)  but  basolateral  polarity  of  E-cadherin  is  maintained  in  the  cyst  (E,  closed  arrows). 
Gpl35  staining  has  largely  disappeared  from  cells  in  chains  and  only  background  staining  remains  (F  and  F',  closed  arrowheads).  At  the 
lumenal  surfaces  of  cells  within  the  cyst  and  at  the  base  of  the  chain  gpl35  staining  is  retained  (F,  closed  arrow).  L,  lumen.  Bar,  10  /xm. 
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cell- cell  borders  between  cells  of  the  cyst  wall  and  cells 
within  the  cyst.  Gpl35  is  localized  at  the  remaining  lume- 
nal  membrane  of  the  extending  cells,  establishing  that  at 
this  stage  of  tubule  development  distinct  apical  membranes 
are  maintained  (Fig.  2D,  arrows).  Note  that  cells  remain 
attached  to  the  cyst  during  migration  into  the  ECM  to  form 
extensions  (Figs.  2C  and  2D).  These  results  demonstrate 
that  during  initial  stages  of  tubulogenesis,  membrane  mor¬ 
phology  is  altered  but  apical  and  basolateral  subdomains 
remain  distinct. 

The  second  stage  of  tubulogenesis,  chain  formation,  is 
shown  in  Figs.  2E  and  2F.  In  this  stage,  single-file  chains  of 
cells  that  are  either  linear  (Figs.  2E,  2E')  or  branching  (data 
not  shown)  develop.  E-cadherin  is  localized  at  both  cell- cell 
and  cell-ECM  contacts,  circumscribing  each  cell  of  the 
chain  (Fig.  2E,  open  arrow).  Thus,  E-cadherin  is  randomly 
distributed  at  membrane  surfaces  of  cells  in  the  chain.  In 
contrast,  basolateral  polarity  of  E-cadherin  is  maintained  in 
cells  of  the  cyst  wall  that  are  not  undergoing  morphogenesis 
(Fig.  2E,  closed  arrows),  Gpl35  staining  disappears  from 
cells  in  a  short  chain  (Fig.  2F,  arrowheads),  indicating  that 
apical  membrane  polarity  is  lost.  In  contrast,  gpl35  staining 
is  retained  at  the  lumenal  surfaces  in  cells  within  the  cyst, 
including  cells  at  the  base  of  the  chain  (Fig.  2F,  arrow). 
Occasionally,  intensely  stained  intracellular  patches  of 
GP135  are  also  observed  (data  not  shown),  suggesting  that 
some  of  the  gpl35  may  also  be  associated  with  intracellular 
vesicles  (Vega-Salas  et  al.,  1988).  These  results  show  that 
MDCK  cells  lose  apical/basolateral  polarity  but  retain  cell¬ 
cell  contacts  during  reorganization  into  chains. 


Cord  and  Tubule  Stages  of  Tubulogenesis:  MDCK 
Cell  Polarity  Is  Regained  as  a  Tubule  Lumen  is 
Formed 

Subsequent  stages  of  tubulogenesis  were  analyzed  in 
serial  confocal  sections  and  three-dimensional  image  pro¬ 
jections.  Representative  single  confocal  sections  of  cords 
and  tubules,  double-stained  for  ppl  and  either  E-cadherin  or 
gpl35,  are  shown  in  Fig.  3.  Figure  3A  shows  a  cord  two  to 
three  cells  in  diameter  that  is  devoid  of  a  lumen.  E-cadherin 
surrounds  each  cell  in  the  cord,  localizing  to  regions  of 
cell- cell  and  cell-substrate  contact.  These  results  were 
confirmed  by  careful  analysis  of  serial  sections  and  projec¬ 
tions  (data  not  shown).  Gpl35  staining  is  detected  at  or  near 
cell- cell  borders  formed  during  the  development  of  cords 
(Fig.  3B,  arrows)  and  is  not  found  on  membranes  in  regions 
of  cell-substrate  contact  (Fig.  3B,  arrowhead).  Sites  of  cell¬ 
cell  contact  at  which  gpl35  is  localized  may  be  described  as 
“protolumens,”  since  they  may  indicate  the  location  of 
future  lumen  formation.  It  is  also  possible  that  minute 
lumens  that  are  below  the  resolution  of  the  confocal  micro¬ 
scope  exist  in  these  regions.  These  results  show  that  the 
localization  of  the  apical  membrane  marker,  gpl35,  is 
highly  polarized  in  regions  of  cell- cell  contact  upon  forma¬ 
tion  of  cords.  In  contrast,  the  basolateral  membrane  marker, 


E-cadherin,  is  found  over  the  entire  cell  surface  and  overlaps 
regions  of  gpl35  localization  at  cell- cell  contacts  in  cords. 

The  maturation  of  cords  into  tubules  is  shown  in  Figs.  3C 
and  3D.  Discontinuous  lumens  (Fig.  3C',  L)  develop  at  sites 
of  cell- cell  contact.  E-cadherin  completely  surrounds  each 
cell  in  regions  that  retain  cord-like  structure  (Fig.  3C,  open 
arrow).  In  contrast,  the  basolateral  polarity  of  E-cadherin  is 
restored  in  lumen-containing  regions  of  developing  tubules 
(Fig.  3C,  closed  arrows).  As  tubule  maturation  proceeds 
lumens  enlarge  and  become  continuous  with  the  lumen  of 
the  cyst  (Fig.  3D',  L).  Gpl35  is  localized  at  “free”  cell 
surfaces  facing  morphologically  distinguishable  tubule  lu¬ 
mens  (Fig.  3D,  arrows).  We  conclude  from  these  results  that 
tubules  develop  via  de  novo  formation  of  lumens  within 
cords  at  discrete  sites  of  cell- cell  contact.  In  addition,  these 
results  suggest  that  apical/basolateral  membrane  polarity  is 
restored  during  de  novo  lumen  formation. 

SF/HGF-Induced  Tubulogenesis  Causes  Differential 
Rearrangement  of  Desmosomal,  Tight  Junction, 
and  Adherens  Cell-Cell  Junction  Proteins 

We  have  shown  above  that  cells  remain  in  contact  as  they 
rearrange  to  form  tubules.  However,  E-cadherin  localization 
is  dramatically  altered  during  sequential  stages  of  tubulo¬ 
genesis.  Randomization  of  E-cadherin  distribution  during 
the  chain  and  cord  stages  implies  that  cell- cell  adhesion  is 
modified  during  SF/HGF-induced  tubulogenesis.  To  further 
understand  the  mechanisms  through  which  cell- cell  con¬ 
tacts  are  maintained  as  cells  rearrange  during  tubulogen¬ 
esis,  we  analyzed  the  localization  of  tight  junction  and 
desmosomal  proteins  at  various  stages  of  tubulogenesis. 

In  polarized  epithelia,  multiple  DS  are  located  along 
lateral  membranes  and  function  to  maintain  lateral  cell¬ 
cell  contacts  (Garrod,  1993).  To  establish  the  localization  of 
DS  during  tubulogenesis  samples  were  labeled  with  an 
antibody  that  recognizes  both  desmoplakins  I  and  II  (dpi/ll), 
cytoplasmic  plaque  components  of  the  desmosomal  com¬ 
plex  (Pasdar  et  al,  1991;  Pasdar  and  Nelson,  1988b).  Nuclei 
were  counterstained  with  ppl.  Serial  confocal  sections  of 
many  cyst  cultures  treated  for  various  amounts  of  time 
with  either  control  or  SF/HGF-containing  medium  were 
collected  and  analyzed.  Representative  individual  confocal 
sections  are  shown  in  Fig.  4.  The  distribution  of  dpi/ll  in 
polarized  MDCK  cell  cysts  is  shown  in  Fig.  4A.  Note  that 
this  confocal  image  captures  cells  of  the  cyst  both  in  cross 
section  (Figs.  4 A  and  4A\  lower  left)  and  as  a  grazing  section 
across  the  curvature  of  the  cyst  (Figs.  4A  and  4A',  upper 
right).  DpI/II  appeared  in  punctate  spots  along  basolateral 
plasma  membranes  of  cells  in  polarized  MDCK  cell  cysts 
(Fig.  4 A,  arrowheads).  After  stimulation  by  SF/HGF,  dpi/ll 
accumulated  in  large  intracellular  pools  within  extensions 
of  cells  that  responded  to  SF/HGF  by  protruding  into  the 
extracellular  matrix  (Figs.  4B  and  4B\  aligned  arrows). 
However,  dpi/ll  were  also  localized  in  punctate  clusters 
that  are  likely  to  be  desmosomal  plaques  at  cell- cell 
borders  between  the  extending  cell  and  cells  of  the  cyst  wall 
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FIG.  3.  Apical/basolateral  polarity  is  restored  in  maturing  tubules  during  de  novo  lumen  formation.  Single  confocal  images  taken  from 
serial  sections  through  cords  and  developing  tubules  are  shown.  In  A-D'  images  are  split  so  that  staining  for  E-cadherin  (FITC;  A  and  C) 
or  gpl35  (FITC;  B  and  D)  is  in  the  left  half  and  nuclear  staining  (ppl;  A'-D')  is  in  the  right  half.  (A  and  A')  Cells  in  cords  are  completely 
surrounded  by  E-cadherin.  (B  and  B')  During  the  development  of  cords  gpl35  staining  reappears  and  is  strictly  localized  to  regions  of 
cell- cell  contact  that  represent  newly  forming  lumenal  membrane  (closed  arrows).  Gpl35  staining  is  absent  on  membranes  in  contact  with 
extracellular  matrix  (B,  arrowhead).  (C  and  C')  Tubules  develop  from  cords  by  de  novo  lumen  formation.  Cells  in  regions  of  developing 
tubules  without  lumens  (C,  open  arrow)  are  completely  surrounded  by  E-cadherin.  In  lumen-containing  regions  of  tubules  E-cadherin 
staining  is  basolaterally  polarized  (C,  closed  arrows).  (D  and  D')  Gpl35  staining  in  lumen-containing  tubules  shows  that  apical  membrane 
polarity  is  fully  restored  (closed  arrows).  L,  lumen.  Bar,  10  /um. 


(Fig.  4B,  arrowhead).  This  suggests  that  desmosomal  adhe¬ 
sion  contributed  to  the  maintenance  of  the  cell- cell  con¬ 
tacts  between  the  extending  cell  and  the  cyst.  DpI/II  were 
absent  from  the  lumenal  membrane  of  the  extending  cell 
(data  not  shown),  indicating  that,  similar  to  E-cadherin, 
basolateral  polarization  of  cell  surface  dpi/ll  is  maintained 
at  this  stage  of  tubulogenesis.  During  the  formation  of 
chains  dpi/ll  were  localized  in  large  intracellular  pools  in 
cells  of  the  chain  (Fig.  4C,  arrows).  Punctate  spots  of  dpi/ll 
were  also  found  between  cells  of  chains  (Fig.  4C,  arrowhead) 
but  were  often  difficult  to  detect  (not  shown).  This  suggests 
that  dpi/ll  is  localized  to  desmosomal  plaques  at  membrane 
borders  between  cells  of  chains.  However,  the  increase  in 
intracellular  dpi/ll  does  not  result  in  a  corresponding  in¬ 
crease  in  the  number  or  size  of  desmosomal  plaques.  The 


apparent  increase  in  the  total  immunofluorescence  signal 
may  be  due  to  increased  accessibility  of  antibody  to  non- 
plasma-membrane  dpi/ll.  However,  it  may  also  reflect  an 
upregulation  of  protein  synthesis  in  cells  in  which  motility 
is  stimulated  by  SF/HGF.  Finally,  once  polarized  lumen- 
containing  tubules  are  formed  dpi/ll  are  localized  in  punc¬ 
tate  spots  at  lateral  membrane  cell-  cell  borders  and  are  not 
detected  in  intracellular  pools  (data  not  shown). 

The  TJ  is  located  at  the  apical-most  aspect  of  the  lateral 
membrane  of  polarized  epithelial  cells  where  it  separates 
the  apical  and  basolateral  membrane  domains  and  forms  a 
selective  permeability  barrier  to  paracellular  transport 
(Gumbiner,  1987;  Rodriguez-Boulan  and  Nelson,  1989). 
ZO-1,  a  cytoplasmic  plaque  component  of  the  TJ,  is  found 
exclusively  at  the  tight  junction  of  polarized  epithelial  cells 
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FIG.  4.  Desmosomal  plaque  proteins  appear  in  large  intracellular 
pools  during  early  stages  of  tubule  development.  Each  image  pair  is 
a  representative  single  confocal  section  taken  from  serially  sec¬ 
tioned  samples  that  were  scanned  simultaneously  for  FITC  and  ppl. 
The  images  are  split,  with  dpi/ll  shown  on  the  left  side  and  nuclei 
on  the  right  side.  (A,  A')  In  polarized  cysts  dpi/ll  are  localized  to 
discrete  spots  along  lateral  cell  membranes  (arrowheads).  (B,  B') 
Arrows  in  B  and  B'  are  aligned  to  show  that  during  formation  of 
extensions  dpi/ll  appears  in  large  intracellular  pools  in  the  region  of 
the  cell  extending  into  the  extracellular  matrix.  DpI/II  are  retained 
in  punctate  complexes  along  membranes  at  cell- cell  borders  (ar¬ 
rowhead).  (C,  C')  Cells  in  chains  contain  intracellular  pools  of 


(Siliciano  and  Goodenough,  1988;  Stevenson  et  al.,  1988, 
1986).  In  polarized  MDCK  cell  cysts,  ZO-1  is  localized  at 
the  apical-most  aspect  of  lateral  cell- cell  borders  (Fig.  5 A, 
arrows).  By  summing  multiple  confocal  sections  through  a 
cyst  and  creating  a  projection  of  the  images  starting  above 
the  level  of  the  bottom  nuclei  (Fig.  5B")  we  found  that  ZO-1 
forms  an  apical  “net”  (Fig.  5B')  that  faces  the  lumen  and 
rings  the  apical  aspect  of  each  cell  of  the  cyst  (Fig.  5B). 
During  the  extension  stage  of  SF/HGF-induced  morphogen¬ 
esis,  ZO-1  remains  at  the  lumenal  aspect  of  lateral  mem¬ 
branes  of  cells  extending  from  the  cyst  (Fig.  5C,  arrow). 
Note  that  the  gain  of  the  image  in  Fig.  5C  was  increased 
after  collection  in  Adobe  Photoshop  to  make  it  possible  to 
detect  background  staining  and  visualize  the  connection  of 
the  unlabeled  cell  extension  to  the  cyst.  As  tubule  forma¬ 
tion  continues,  ZO-1  localizes  to  regions  of  membrane  that 
link  cells  into  single-file  chains  (Fig.  5D,  arrows),  indicating 
that  ZO-1  remains  at  sites  of  cell- cell  contact  throughout 
the  formation  of  chains.  During  de  novo  lumen  formation, 
ZO-1  localizes  to  the  apical- most  aspect  of  lateral  mem¬ 
brane  borders  between  cells  surrounding  the  newly  formed 
lumen  (Fig.  5E,  arrowhead),  suggesting  that  at  this  stage  of 
tubule  development  the  apical  polarization  of  the  TJ  is 
reestablished.  In  regions  of  the  developing  tubule  where 
lumen  formation  is  more  advanced,  ZO-1  staining  outlines 
the  apical  membrane,  reminiscent  of  ZO-1  localization  at 
the  apical-most  aspect  of  lateral  membranes  in  polarized 
cysts  (Fig.  5E,  arrow).  The  localization  of  ZO-1  throughout 
tubulogenesis  at  membranes  involved  in  cell- cell  contact 
suggests  that  ZO-1 -containing  junctions  contribute  to  the 
maintenance  of  cell- cell  adhesion  during  all  stages  of 
tubule  morphogenesis.  Concomitant  with  repolarization  of 
the  tubule  epithelium,  ZO-1  demarcates  lumenally  polar¬ 
ized  tight  junctions  that  separate  the  apical  and  basolateral 
plasma  membrane  domains.  Taken  together,  our  results 
show  that  the  treatment  of  MDCK  cell  cysts  with  SF/HGF 
causes  disparate  changes  in  the  distribution  of  E-cadherin, 
desmoplakins,  and  ZO-1  and  suggest  that  adhesion  through 
each  of  these  cell- cell  junctions  is  differentially  regulated 
during  SF/HGF-induced  tubulogenesis. 


DISCUSSION 

Numerous  studies  have  increased  our  understanding  of 
molecules  that  induce  tubulogenesis  and  regulate  branch¬ 
ing  activity  (Montesano  et  al.,  1991a;  Sakurai  et  al., 
1997a, b;  Sariola  and  Sainio,  1997;  Sutherland  et  al.,  1996; 
Vainio  and  Muller,  1997).  However,  the  morphogenetic 
mechanisms  by  which  cells  reorganize  membrane  subdo- 


dpI/II  (arrows).  Punctate  spots  of  dpi/ll  also  appear  at  cell- cell 
borders  between  cells  of  the  chain  (arrowhead).  L,  lumen.  Bar,  10 

/xm. 
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FIG.  5.  The  tight  junction  marker,  ZO-1,  localizes  at  sites  of  cell- cell  contact  at  all  stages  of  tubule  formation.  In  A-E  serial  confocal 
sections  were  collected  from  samples  at  different  stages  of  tubule  morphogenesis.  FITC  (ZO-1,  green)  and  ppl  (red)  for  all  images  were 
scanned  simultaneously.  A,C,  D,  and  E  are  representative  single  confocal  sections.  B,  B\  and  B"  each  show  a  projected  sum  of  13  2-p.m  serial 
sections  from  the  same  sample  as  in  A.  (A)  In  a  cross  section  through  a  polarized  cyst  arrows  show  that  ZO-1  is  apically  polarized.  (B,  B', 
and  B")  The  image  in  B  shows  the  overlay  of  projections  in  B'  and  B"  that  were  split  to  show  ZO-1  on  the  left  and  nuclei  on  the  right.  A  net 
of  ZO-1  staining  is  detected  in  B'.  B"  shows  that  sections  for  these  projections  start  above  the  level  of  the  nuclei  of  cells  that  are  in  the  center 
of  the  image.  The  double  image  in  B  shows  that  ZO-1  staining  is  above  the  level  of  the  nuclei,  demonstrating  that  ZO-1  is  localized  to  the 
apical-most  aspect  of  lateral  cell- cell  borders  and  forms  a  ring  around  each  cell  of  the  cyst.  (C)  In  extensions,  ZO-1  is  detected  at  the 
remaining  apical  membrane  facing  the  lumen  of  the  cyst  (arrow).  (D)  During  the  formation  of  chains,  ZO-1  is  concentrated  at  cell- cell 
borders  between  cells  of  the  chains  (arrows).  (E)  During  the  development  of  a  lumen-containing  tubule  ZO-1  remains  at  cell- cell  borders 
and  localizes  to  the  apical-most  aspect  of  lateral  membranes  of  both  a  newly  formed  lumen  (arrowhead)  and  a  more  mature  lumen  (arrow). 
L,  lumen.  Bar,  10  /xm.  Bar  in  A  applies  to  B,  D,  and  E. 
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mains  and  cell- cell  contacts  during  tubulogenesis  have  not 
previously  been  well  characterized. 

Distinct  Stages  in  Tubulogenesis 

Based  on  a  detailed  three-dimensional  analysis  we  have 
defined  four  stages  in  the  development  of  tubules  from 
MDCK  cell  cysts  (see  Fig.  1)  in  which  we  have  identified 
unique  arrangements  of  marker  proteins  for  apical/ 
basolateral  polarity  and  cell  junctional  complexes.  These 
stages  define  the  morphogenetic  mechanisms  for  tubule 
formation  in  this  system.  In  the  first  phase  of  SF/HGF- 
induced  tubule  formation,  the  extension  stage,  individual 
cells  protrude  into  the  surrounding  collagen  matrix  while 
remaining  attached  to  the  cyst.  Apical  and  basolateral 
membranes  are  morphologically  altered  but  cell  polarity 
and  cell  junctions  are  maintained.  Some  individual  scat¬ 
tered  cells  are  detected  in  these  cultures  but  do  not  appear 
to  contribute  to  tubule  development.  The  second  stage, 
chain  formation,  is  characterized  by  the  appearance  of 
single-file  linear  or  branched  chains  of  cells  in  which  an 
apical  membrane  marker  (gp  1 35)  is  absent  or  intracellular,  a 
basolateral  membrane  marker  (E-cadherin)  has  a  nonpolar 
distribution  around  the  entire  cell  surface,  desmosomes 
(dpi/ll)  are  predominantly  localized  in  intracellular  pools, 
and  a  TJ  marker  (ZO-1)  is  highly  localized  to  the  small 
regions  of  cell- cell  contact  between  cells  in  the  chain. 
During  the  third  stage,  cord  formation,  chains  of  cells 
thicken  into  cords  in  which  apical  polarity  is  again  observed 
while  the  basolateral  marker  protein,  E-cadherin,  remains 
randomly  distributed.  De  novo  lumen  formation  occurs  at 
sites  of  cell- cell  contact  where  apical  membrane  markers 
are  located.  Small  lumens  begin  to  appear  in  segregated 
regions  along  the  length  of  the  developing  tubule.  ZO-1 
localizes  to  apical  cell- cell  contact  points  and  basolateral 
repolarization  is  initiated  in  cells  surrounding  the  nascent 
lumens.  In  the  final  stage  of  tubulogenesis,  tubule  matura¬ 
tion,  individual  lumens  coalesce,  enlarge,  and  become  con¬ 
tinuous  with  the  lumen  of  the  cyst.  Apical  and  basolateral 
membranes  of  cells  of  the  tubule  become  clearly  polarized 
and  the  arrangement  of  cell  junctions  that  normally  is 
found  in  polarized  epithelial  cells  is  completely  restored. 

Our  analysis  has  yielded  at  least  two  new  and  surprising 
insights  into  the  mechanisms  of  tubulogenesis,  which  are: 
(i)  a  novel  model  of  cell  and  membrane  subdomain  rear¬ 
rangement  during  tubulogenesis  and  (ii)  differential  regula¬ 
tion  of  junctional  proteins. 

A  Novel  Model  of  Tubulogenesis 

The  pattern  of  cell  rearrangements  and  intercellular  mi¬ 
gration  that  we  observe  is  clearly  different  from  that  previ¬ 
ously  proposed  in  both  the  outpouching  and  the  two-step 
dissociation/reassociation  models  of  tubulogenesis.  A  key 
prediction  of  the  outpouching  model  is  that  tubule  lumens 
would  remain  continuous  with  the  cyst  lumen  at  all  stages 
of  tubule  development  (Gilbert,  1994).  In  fact,  our  results 


demonstrate  that  tubule  lumens  are  initially  discontinu¬ 
ous,  forming  de  novo  at  discrete  regions  along  the  length  of 
developing  tubules.  In  addition,  we  observed  that  newly 
formed  tubule  lumens  do  not  necessarily  connect  to  the 
lumen  of  the  cyst.  A  second  prediction  of  the  outpouching 
model  is  that  cells  would  retain  their  polarity,  as  they 
would  continue  to  line  a  lumen  at  all  stages  of  tubule 
formation.  This  is  contrary  to  our  observation  that  the  cells 
undergo  a  transient  loss  of  polarity.  Therefore,  an  outpouch¬ 
ing  model  does  not  explain  our  observed  stages  of  tubulo¬ 
genesis.  The  two-step  dissociation/reassociation  model  pre¬ 
dicts  that  we  would  have  seen  aggregates  of  two  or  more 
cells  that  were  detached  from  cysts  forming  structures  such 
as  chains,  cords,  or  tubules.  We  did  not  observe  such 
structures.  Rather,  the  chains,  cords,  and  tubules  that  we 
observed  were  always  in  contact  with  cysts.  Therefore, 
tubules  did  not  arise  by  a  complete  loss  of  cell- cell  contact 
followed  by  reassociation,  as  proposed  by  Thiery  and  Boyer 
(1992).  This  was  consistent  for  over  250  cysts  that  we 
stimulated  with  SF/HGF  and  analyzed  by  complete  serial 
sections. 

We  propose,  therefore,  a  novel  model  of  tubulogenesis 
that  includes  the  following  morphogenetic  mechanisms:  (1) 
stimulation  of  cell  migration  is  the  first  step  in  tubulogen¬ 
esis,  (2)  apical/basolateral  polarity  is  transiently  lost  and  is 
restored  concomitant  with  lumen  formation,  (3)  discon¬ 
tinuous  tubule  lumens  form  de  novo  in  regions  of  develop¬ 
ing  tubules,  and  (4)  cell- cell  contacts  are  retained  at  all 
stages  of  tubulogenesis. 

A  key  observation  from  our  results  is  that  tubule  forma¬ 
tion  is  initiated  by  the  extension  and  migration  of  cells 
without  loss  of  cell- cell  contact.  Migration  of  cells  without 
loss  of  cell- cell  contact  has  previously  been  found  to  be 
important  for  organ  formation  during  development  in  vivo. 
For  example,  chain  migration  of  neuronal  precursors  con¬ 
tributes  to  the  formation  of  the  olfactory  bulb  (Lois  et  al.t 
1996).  The  fundamental  role  of  SF/HGF  in  this  tubulogen¬ 
esis  model  system  may  be  to  induce  cells  to  migrate  out 
from  a  polarized  epithelium  to  develop  extensions  and  form 
a  chain.  Previous  studies  have  shown  that  altering  cell- 
substrate  contacts  by  collagen  overlay  is  sufficient  to  initi¬ 
ate  the  direct  conversion  of  MDCK  cell  monolayers  into 
tubulocysts  (Schwimmer  and  Ojakian,  1995;  Zuk  and  Mat- 
lin,  1996).  In  the  collagen  overlay  technique,  the  conversion 
of  a  monolayer  of  cells  into  a  tubule- like  structure  may 
recapitulate  the  last  two  stages  that  we  have  identified  in 
SF/HGF-induced  tubulogenesis,  namely  the  conversion  of  a 
chain  into  a  cord  and  subsequently  a  cord  into  a  lumen- 
containing  tubule.  In  contrast  to  our  studies,  this  direct 
conversion  of  a  monolayer  into  a  tubule-like  structure 
essentially  bypasses  the  requirement  for  an  inducing  mol¬ 
ecule  such  as  SF/HGF.  Therefore,  during  tubulogenesis, 
once  SF/HGF  induces  formation  of  a  chain  in  contact  with 
collagen,  the  further  formation  of  a  cord  and  a  tubule  may 
be  the  result  of  a  mechanism  intrinsic  to  the  MDCK  cells, 
without  requiring  further  SF/HGF  signaling. 

We  have  observed  that  cells  branching  from  chains  and 
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tips  of  tubules  also  undergo  changes  in  morphology,  polar¬ 
ity,  and  cell- cell  contacts  that  are  similar  to  the  changes  in 
the  initial  cell  extensions  from  cysts  (A.  Pollack  and  K. 
Mostov,  unpublished  results).  In  addition,  our  recent  stud¬ 
ies  of  interactions  of  /3-catenin  and  APC  protein  during 
tubulogenesis  have  shown  that  mechanisms  regulating  cell 
migration  are  important  for  both  formation  of  extensions 
and  the  later  development  of  mature  tubules  rather  than 
polyp-like  structures  (Pollack  et  al.,  1997).  Our  results 
suggest  that  cell  migration  is  an  important  mechanism  at 
multiple  stages  of  tubule  development.  Therefore,  we  pro¬ 
pose  that  a  triggering  function  of  SF/HGF  may  be  impor¬ 
tant,  not  only  for  inducing  formation  of  extensions  and 
chains,  but  also  for  stimulating  elongation  of  the  tips  of 
tubules  and  initiating  cell  movements  in  the  development 
of  branches. 

Our  analysis  of  cell  polarity  during  tubule  development 
has  also  contributed  to  the  formulation  of  a  model  of 
tubulogenesis.  A  key  mechanism  derived  from  this  analysis 
is  the  dynamic  regulation  of  cell  polarity  during  tubulogen¬ 
esis:  cells  transiently  lose  their  polarity  during  the  forma¬ 
tion  of  chains,  but  subsequently  regain  polarity  as  they 
form  mature  tubules.  During  tubulogenesis,  after  initial 
loss  of  polarity,  apical  polarity  is  reestablished  first  in 
regions  of  cell- cell  contact  in  cords,  followed  by  basolateral 
repolarization  during  lumen  formation.  Previous  studies 
have  shown  that  changes  in  cell- cell  and  cell-substrate 
interactions  alter  epithelial  cell  polarity  (Rodriguez-Boulan 
and  Nelson,  1989;  Vega-Sales  et  al.,  1987;  Wang  et  ah, 
1990a).  For  example,  when  MDCK  cysts  are  first  grown  in  a 
liquid  suspension  culture  the  apical  surface  of  the  cells  is 
localized  at  the  outside  membrane  of  the  cyst,  facing  the 
medium.  When  recultured  in  collagen  gels,  these  cells 
undergo  a  reversal  of  polarity  without  loss  of  cell- cell 
contacts.  During  this  process  the  apical  marker  gpl35 
disappears  by  internalization  and  degradation  and  then  is 
resynthesized  (Wang  et  ah,  1990b).  The  loss  of  gpl35  from 
the  transiently  nonpolarized  cells  during  SF/HGF-induced 
tubulogenesis,  and  the  subsequent  accumulation  of  gpl35 
at  the  nascent  apical  surface,  may  be  regulated  analogously. 
Therefore,  mechanisms  driving  changes  in  epithelial  polar¬ 
ity  during  tubulogenesis  may  be  similar  to  other  systems  in 
which  epithelial  cell  subdomains  rearrange.  This  requires 
further  study.  Importantly,  our  results  show  that  dynamic 
rearrangement  of  proteins  that  are  normally  polarized  to 
specific  membrane  subdomains,  without  a  loss  of  cell- cell 
contacts,  is  an  important  feature  of  epithelial  tubule  devel¬ 
opment.  In  addition,  we  provide  a  perspective  of  how 
sequential  changes  in  apical/basolateral  polarity  fit  into  the 
larger  context  of  the  morphogenetic  process  of  tubulogen¬ 
esis. 

Differential  Regulation  of  Junctional  Proteins 
during  Tubulogenesis 

A  second  new  insight  demonstrated  by  our  studies  is  that 
components  of  the  three  types  of  cell- cell  junctions,  adhe¬ 


rens  junctions,  desmosomes,  and  tight  junctions,  under¬ 
went  very  different  patterns  of  regulation  during  tubulogen¬ 
esis:  E-cadherin  redistributed  throughout  the  cell  surface, 
dpi/ll  accumulated  intracellularly,  and  ZO-1  was  found  at 
regions  of  cell- cell  contact.  Although  junctional  proteins 
were  modified,  cell- cell  contacts  were  retained  throughout 
the  intricate  cell  rearrangements  during  morphogenesis  of  a 
tubule  from  a  cyst.  The  selective  regulation  of  distinct 
cell- cell  junctional  components  during  tubulogenesis  con¬ 
trasts  strikingly  with  results  from  previous  studies  in 
which  calcium  “switch”  or  antibody  disruption  of 
E-cadherin-based  adhesion  caused  coordinate  regulation  of 
adhesion  through  desmosomes,  adherens  junctions,  and 
tight  junctions  (Behrens  etal.,  1985;  Gumbiner  and  Simons, 
1986;  Gumbiner  et  ah,  1988;  Siliciano  and  Goodenough, 
1988).  We  suggest  that  differential  regulation  of  cell- cell 
junctional  proteins,  both  spatially  and  temporally,  is  likely 
to  be  crucial  to  maintain  cell- cell  contacts  during  the 
development  of  tubules. 

We  have  previously  shown  that  E-cadherin  surrounding 
the  cell  perimeter  in  extensions,  chains,  and  cords  colocal¬ 
izes  with  )3-catenin,  a  protein  that  is  normally  associated 
with  the  cytoplasmic  domain  of  E-cadherin  and  is  required 
for  E-cadherin-based  cell- cell  adhesion  (Pollack  et  al., 
1997).  In  addition,  we  have  reported  that  monolayer  cul¬ 
tures  of  MDCK  cells  treated  with  SF/HGF  show  an  increase 
in  E-cadherin  synthesis,  which  correlates  with  SF/HGF- 
induced  morphogenetic  cell  rearrangements  (Balkovetz  et 
al.,  1997).  It  appears,  therefore,  that  as  cells  extend  and  form 
chains,  they  produce  additional  E-cadherin,  which  is  ex¬ 
pressed  on  surfaces  not  yet  in  contact  with  other  cells.  This 
E-cadherin  is  not  initially  utilized  for  cell- cell  contact, 
either  because  it  is  differentially  regulated  so  that  it  is  not 
yet  competent  for  cell- cell  adhesion,  or  perhaps  simply 
because  no  other  cell  surface  is  present  with  which  the 
E-cadherin  can  interact.  As  chains  are  transformed  into 
cords,  this  E-cadherin  is  utilized  for  the  establishment  of 
new  cell- cell  contacts. 

During  the  initial  extension  formation,  ZO-1  remains  at 
the  cell  surface  at  the  boundary  between  the  apical  and  the 
basolateral  domains,  showing  that  the  fence  function  of 
tight  junctions  remains  intact.  Next,  during  the  chain  stage 
ZO-1  is  localized  only  to  the  regions  of  cell- cell  contact. 
We  speculate  that  this  ZO-1,  which  is  much  more  highly 
localized  to  the  regions  of  cell-  cell  contact  than  E-cadherin, 
may  play  a  role  in  maintaining  cell-  cell  contact  during  this 
stage  of  tubulogenesis.  The  ZO-1  subsequently  relocalizes 
to  the  apex  of  cells,  surrounding  newly  formed  lumens.  It  is 
interesting  to  compare  our  results  with  observations  made 
in  the  calcium  switch  system.  There,  ZO-1  is  initially 
colocalized  with  E-cadherin  along  the  length  of  the  region 
of  cell- cell  contact.  Subsequently,  the  ZO-1  is  segregated  to 
the  region  of  the  tight  junctions  near  the  apex  of  the  cell 
(Rajasekaran  et  al.,  1996). 

Finally,  the  desmosome  components,  dpi/ll,  are  found  in 
large  intracellular  pools,  initially  appearing  in  cells  that  are 
stimulated  to  migrate  by  SF/HGF.  SF/HGF  has  been  found 
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to  cause  loss  of  desmosomal  plaques  in  MDCK  cells  during 
scattering  (Stoker  and  Perryman,  1985)  and  to  disrupt  des¬ 
mosomal  contacts  in  keratinocytes  (Watabe  et  al,  1993). 
SF/HGF  treatment  of  MDCK  cell  monolayers  also  causes 
accumulation  of  dpi/ll  in  large  intracellular  pools  during 
morphogenetic  cell  rearrangements  (A.  Pollack  and  K. 
Mostov,  unpublished  observations).  These  studies  have 
provided  evidence  that  SF/HGF  induces  either  internaliza¬ 
tion  or  new  synthesis  and  cytoplasmic  retention  of  dpi/ll. 
Taken  together  with  the  results  of  our  studies,  we  suggest 
that  modulating  desmosomal  adhesion  by  removal  of  dpi/ll 
from  the  cell  surface  is  important  for  morphogenetic  cell 
rearrangements  during  tubulogenesis. 

Our  studies  suggest  that  SF/HGF  selectively  modulates, 
rather  than  disrupts,  cell- cell  adhesion  during  tubulogen¬ 
esis.  The  segregation  of  SF/HGF’s  effects  on  components  of 
adherens  junctions,  desmosomes,  and  tight  junctions  may 
be  critical  for  regulating  the  formation  of  lumen-containing 
tubules.  During  metanephric  kidney  development  in  vivo, 
cells  do  not  appear  to  dissociate  as  new  structures  are 
formed  (Vestweber  et  al,  1985;  Garrod  and  Fleming,  1990). 
Formation  of  ureter  and  tubular  structures  in  the  develop¬ 
ing  kidney  coincides  with  the  expression  of  E-cadherin- 
(Vestweber  et  al,  1985)  and  desmoplakin-containing  des¬ 
mosomes  (Garrod  and  Fleming,  1990)  at  epithelial  cell- cell 
borders.  Patterns  of  desmoplakin  expression  and  the  struc¬ 
ture  of  the  desmosomes  change  during  kidney  develop¬ 
ment,  indicating  that  lability  of  desmosomes  is  important 
for  kidney  morphogenesis  (Burdett,  1993;  Garrod  and  Flem¬ 
ing,  1990).  These  in  vivo  studies  suggest  that  regulation  of 
cell- cell  adhesion  molecules  is  important  early  in  kidney 
development.  Differential  regulation  of  cell- cell  junctional 
proteins  in  both  space  and  time  may  allow  the  adhesive 
properties  of  specific  areas  of  individual  cells  to  be  modu¬ 
lated  so  that  cells  “let  go”  and  reconnect  as  they  rearrange. 
Previously,  components  of  cell- cell  junctions  have  been 
shown  to  be  regulated  by  phosphorylation  (Behrens  et  al., 
1993;  Matsuyoshi  et  al,  1992;  Nigam  et  al,  1991;  Shi- 
bamoto  et  al,  1994;  Volberg  etal,  1992).  Investigation  into 
a  role  of  SF/HGF-induced  phosphorylation  as  a  mechanism 
of  differential  regulation  of  cell- cell  adhesion  during  tubu¬ 
logenesis  requires  future  study. 

During  tubulogenesis,  specific  modulation  of  adhesion 
and  polarity  may  enable  a  developing  system  to  restructure 
without  having  to  completely  redifferentiate.  Regulating 
the  extent  to  which  adhesion  and  polarity  are  altered  during 
morphogenesis  may  prime  a  developing  system  to  rapidly 
restore  or  acquire  epithelial  function.  In  morphogenetic 
processes  such  as  wound  repair  (Bement  et  al,  1993; 
Madara,  1990)  it  is  critical  that  epithelial  cell  rearrange¬ 
ments  occur  with  a  minimal  disruption  of  polarity  and 
adhesion  in  order  to  maintain  the  functional  intactness  and 
permeability  characteristics  of  the  epithelial  tissue.  Further 
insight  into  the  interplay  between  the  actions  of  SF/HGF 
and  components  of  systems  that  regulate  cell- cell  and 
cell-substrate  adhesion  and  polarity  may  provide  a  key  to 
understanding  the  seemingly  disparate  abilities  of  SF/HGF 


to  induce  epithelial  cells  to  develop  into  cohesive  struc¬ 
tures  rather  than  to  scatter  or  invade. 

In  conclusion,  in  this  study  we  have  carefully  analyzed 
the  temporal  and  spatial  regulation  of  cell  polarity  and 
cell- cell  adhesion  proteins  subsequent  to  induction  of 
tubulogenesis  from  a  polarized  epithelium  to  understand 
the  mechanisms  of  cell  rearrangements  in  the  development 
of  lumen-containing  tubules.  We  suggest  a  novel  multistage 
model  of  tubulogenesis  in  which  SF/HGF  stimulates  initial 
cell  migration  and  remodeling  of  cell  polarity  but  differen¬ 
tially  regulates  cell- cell  junctional  proteins,  such  that 
cell- cell  adhesion  is  maintained  throughout  cell  rearrange¬ 
ments.  In  addition,  we  propose  that  an  intrinsic  program  of 
epithelial  repolarization  may  be  critical  to  the  formation  of 
mature  tubules.  Our  study  is  the  first  report  of  a  detailed 
examination  of  cell  rearrangements  combined  with  analysis 
of  the  accompanying  changes  in  cell  adhesion,  junctions, 
and  polarity  that  occur  during  epithelial  tubulogenesis  in 
any  model  system.  These  results  provide  a  framework  for 
future  investigations  of  cell  movements,  polarity,  and  junc¬ 
tions  during  morphogenetic  cell  rearrangements  of  tubulo¬ 
genesis  in  vivo  and  in  other  in  vitro  systems  that  reflect  this 
developmental  process  in  a  variety  of  organs. 
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In  polarized  Madin-Darby  canine  kidney  epithelial  cells,  components  of  the  plasma  membrane 
fusion  machinery,  the  t-SNAREs  syntaxin  2,  3,  and  4  and  SNAP-23,  are  differentially  localized  at 
the  apical  and/or  basolateral  plasma  membrane  domains.  Here  we  identify  syntaxin  11  as  a  novel 
apical  and  basolateral  plasma  membrane  t-SNARE.  Surprisingly,  all  of  these  t-SNAREs  redistrib¬ 
ute  to  intracellular  locations  when  Madin-Darby  canine  kidney  cells  lose  their  cellular  polarity. 
Apical  SNAREs  relocalize  to  the  previously  characterized  vacuolar  apical  compartment,  whereas 
basolateral  SNAREs  redistribute  to  a  novel  organelle  that  appears  to  be  the  basolateral  equivalent 
of  the  vacuolar  apical  compartment.  Both  intracellular  plasma  membrane  compartments  have  an 
associated  prominent  actin  cytoskeleton  and  receive  membrane  traffic  from  cognate  apical  or 
basolateral  pathways,  respectively.  These  findings  demonstrate  a  fundamental  shift  in  plasma 
membrane  traffic  toward  intracellular  compartments  while  protein  sorting  is  preserved  when 
epithelial  cells  lose  their  cell  polarity. 


INTRODUCTION 

Traffic  between  membranous  compartments  is  mediated  by 
the  soluble  N-ethylmaleimide-sensitive  factor  attachment 
protein  (SNARE)  machinery  in  virtually  all  membrane  traffic 
pathways  investigated  so  far  (Rothman  and  Warren,  1994; 
Hanson  et  al,  1997;  Hay  and  Scheller,  1997;  Nichols  and 
Pelham,  1998).  During  vesicle  docking,  membrane  proteins 
on  the  vesicle  membrane  (v-SNAREs)  and  the  target  mem¬ 
brane  (t-SNAREs)  bind  to  each  other  to  form  a  complex  that 
ultimately  leads  to  fusion  of  the  lipid  bilayers.  One  aspect  of 
the  SNARE  hypothesis  is  that  successful  membrane  fusion 
requires  the  binding  of  matching  combinations  of  v-  and 
t-SNAREs,  thereby  ensuring  the  necessary  specificity  of  ves¬ 
icle  fusion.  Accordingly,  each  membrane  organelle  and  each 
class  of  transport  vesicles  should  be  defined  by  a  certain  set 
of  t-  and  v-SNARE  isoforms.  Many  SNAREs  have  been 
identified  to  date,  and  protein  sequence  analysis  has  shown 
that  v-  and  t-SNAREs  of  the  currently  known  SNARE  sub¬ 
families  are  evolutionarily  related  to  each  other  and  belong 
to  a  common  superfamily  (Weimbs  et  al.,  1997b,  1998).  It  is 
conceivable  that  the  specificity  of  vesicle  fusion  is  not  di¬ 
rectly  determined  by  t-SNARE/ v-SNARE  interactions  per  se 
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but  rather  by  interactions  involving  larger  complexes,  in¬ 
cluding  SNAREs  and  their  regulatory  proteins,  such  as  those 
of  the  rab  and  seel  protein  families  (Christoforidis  et  al, 
1999;  Gonzalez  and  Scheller,  1999;  Pfeffer,  1999). 

Epithelial  cells  display  an  additional  layer  of  complexity 
in  that  they  are  typically  polarized  and  possess  two  distinct 
plasma  membrane  domains  (Louvard  et  al,  1992;  Simons  et 
al,  1992;  Le  Gall  et  al,  1995;  Drubin  and  Nelson,  1996; 
Yeaman  et  al,  1999).  The  apical  and  basolateral  plasma 
membrane  domains  have  different  protein  and  lipid  compo¬ 
sitions  that  reflect  the  different  functions  of  these  domains. 
This  plasma  membrane  polarity  is  established  and  main¬ 
tained  by  protein  sorting  and  specific  vesicle  trafficking 
routes  in  the  biosynthetic  and  endocytic  pathways.  In  agree¬ 
ment  with  the  SNARE  hypothesis,  the  apical  and  basolateral 
plasma  membrane  domains  of  epithelial  cells  contain  dis¬ 
tinct  t-SNAREs  (Weimbs  et  al,  1997a).  Two  protein  families 
have  been  identified  as  t-SNAREs,  the  syntaxin  and 
SNAP-25  families.  In  the  polarized  renal  epithelial  Madin- 
Darby  canine  kidney  (MDCK)  cell  line,  syntaxins  3  and  4  are 
localized  at  the  apical  or  basolateral  plasma  membrane, 
respectively  (Low  et  al,  1996).  Syntaxin  3  functions  in  trans¬ 
port  from  the  trans-Golgi  network  (TGN)  as  well  as  the 
endosomal  recycling  pathway,  both  leading  to  the  apical 
plasma  membrane  (Low  et  al,  1998a).  Syntaxin  2  is  localized 
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to  both  domains  of  MDCK  cells  (Low  et  al ,  1996),  as  is 
SNAP-23  (Low  et  al,  1998b),  a  ubiquitously  expressed  mem¬ 
ber  of  the  SNAP-25  family  (Ravichandran  et  al,  1996). 
SNAP-23  binds  to  syntaxins  3  and  4  in  vivo  (Galli  et  al,  1998; 
St-Denis  et  al,  1999)  and  is  involved  in  biosynthetic  and 
endocytic  recycling  and  transcytotic  pathways  to  both 
plasma  membrane  domains  in  MDCK  cells  (Leung  et  al, 
1998;  Low  et  al,  1998a).  The  subcellular  localization  of  these 
SNAREs  is  generally  very  similar  in  other  epithelial  cell  lines 
and  tissues,  although  variations  have  been  reported  (Gai- 
sano  et  al,  1996;  Delgrossi  et  al,  1997;  Weimbs  et  al,  1997a; 
Fujita  et  al,  1998;  Galli  et  al,  1998;  Riento  et  al,  1998). 

Temporary  or  permanent  loss  of  cell  polarity  is  a  com¬ 
mon  phenomenon  during  the  development  of  epithelial 
tissues  (Sorokin  and  Ekblom,  1992;  Birchmeier  et  al,  1996) 
as  well  as  in  a  number  of  pathological  conditions  (Lou- 
vard  et  al,  1992;  Fish  and  Molitoris,  1994;  Birchmeier  et  al, 
1996).  It  is  largely  unknown  how  apical  and  basolateral 
membrane  traffic  pathways  behave  in  epithelial  cells  that 
have  lost  or  not  yet  acquired  their  cellular  polarity  under 
any  of  these  circumstances.  This  is  a  fundamental  ques¬ 
tion  in  cell  biology.  For  example,  changes  in  these  path¬ 
ways  may  play  an  important  role  in  the  acquisition  of  the 
invasive  phenotype  of  tumor  cells,  e.g.,  by  mistargeting  of 
cell  adhesion  molecules  or  erroneous  secretion  of  pro¬ 
teases  that  attack  basement  membrane  and  extracellular 
matrix  proteins.  It  is  well  established  that  the  malignancy 
of  epithelium-derived  tumors  (carcinomas)  correlates  di¬ 
rectly  with  the  degree  of  dedifferentiation.  A  hallmark  of 
dedifferentiation  or  anaplasia  is  the  loss  of  cellular  polar¬ 
ity.  A  better  knowledge  of  the  changes  in  membrane 
traffic  pathways  that  occur  when  epithelial  cells  lose  or 
gain  cell  polarity  will  help  us  understand  normal  epithe¬ 
lial  function  as  well  as  pathological  conditions. 

In  this  work,  we  have  investigated  the  subcellular  local¬ 
ization  of  plasma  membrane  t-SNAREs  as  part  of  the  ma¬ 
chinery  that  controls  membrane  traffic  in  polarized  versus 
nonpolarized  MDCK  cells.  We  identified  syntaxin  11  as  a 
novel  plasma  membrane  t-SNARE  in  addition  to  syntaxins 
2,  3,  and  4  and  SNAP-23.  All  plasma  membrane  t-SNAREs 
undergo  dramatic  changes  in  subcellular  localization  in 
MDCK  cells  depending  on  their  state  of  cell  polarity.  Apical 
t-SNAREs  relocalize  to  an  intracellular  vacuolar  apical  com¬ 
partment  (VAC),  whereas  basolateral  t-SNAREs  relocalize  to 
a  novel  compartment.  The  presence  of  t-SNAREs  in  these 
intracellular  compartments  suggests  that  they  function  in 
the  fusion  of  incoming  transport  vesicles  and  that  these 
compartments  are  actively  connected  to  cellular  membrane 
traffic.  Indeed,  we  find  that  the  apical  and  basolateral  intra¬ 
cellular  compartments  are  functionally  equivalent  to  the 
apical  or  basolateral  plasma  membranes  of  fully  polarized 
cells,  respectively,  in  that  they  receive  membrane  traffic  from 
cognate  apical  or  basolateral  transport  pathways. 

These  results  suggest  that  fundamental  rearrangements 
occur  with  respect  to  membrane  traffic  in  epithelial  cells  that 
have  lost  their  cellular  polarity.  Nevertheless,  the  localiza¬ 
tion  of  plasma  membrane  t-SNAREs  does  not  become  ran¬ 
domized;  instead,  the  cells  redirect  plasma  membrane  trans¬ 
port  pathways  into  intracellular  compartments  and  preserve 
protein  sorting. 


MATERIALS  AND  METHODS 
Materials 

Cell  culture  media  were  from  Cell  Gro,  Mediatech  (Washington, 
DC).  FBS  was  from  Hyclone  (Logan,  UT).  G418  was  obtained  from 
GIBCO-BRL  (Gaithersburg,  MD).  Transwell  polycarbonate  cell  cul¬ 
ture  filters  were  purchased  from  Coming  Costar  (Cambridge,  MA). 
Canine  apo-transferrin  was  purchased  from  Sigma  Chemical  (St. 
Louis,  MO),  loaded  with  iron,  and  dialyzed  against  PBS.  The  cDNA 
of  human  syntaxin  11  in  the  expression  vector  pcDNA3  has  been 
described  (Valdez  et  al,  1999).  cDNAs  for  the  expression  of  syntax- 
in-GST  fusion  proteins  were  gifts  from  Dr.  Mark  Bennett  (Univer¬ 
sity  of  California  at  Berkeley). 


Antibodies 

Polyclonal  antibodies  against  rat  syntaxins  2, 3,  and  4  were  raised  in 
rabbits  against  GST  fusion  proteins  of  the  cytoplasmic  domains.  The 
antibodies  were  affinity-purified  with  the  use  of  the  respective  syn¬ 
taxin  cytoplasmic  domains  that  were  separated  from  GST  by  throm¬ 
bin  cleavage  and  coupled  to  Affigel  (Bio-Rad,  Richmond,  CA).  The 
rabbit  polyclonal  antibody  against  an  N-terminal  peptide  of  human 
SNAP-23  was  affinity-purified  as  described  previously  (Low  et  al, 
1998b).  The  affinity-purified  rabbit  polyclonal  antibody  against  a 
peptide  of  the  N-terminal  15  amino  acids  of  human  syntaxin  11  has 
been  described  (Valdez  et  al,  1999).  The  rat  mAb  against  ZO-1  and 
the  mouse  mAbs  against  ubiquitin  and  a-fodrin  (nonerythroid  spec¬ 
trin)  were  obtained  from  Chemicon  International  (Temecula,  CA). 
The  mouse  mAbs  against  7-tubulin  and  pan-cytokeratin  were  ob¬ 
tained  from  Sigma.  AC17,  a  mouse  mAb  against  the  lysosomal/ late 
endosomal  membrane  glycoprotein  LAMP-2  (Nabi  and  Rodriguez- 
Boulan,  1993),  was  a  gift  from  E.  Rodriguez-Boulan  (Cornell  Uni¬ 
versity  Medical  College,  New  York,  NY).  The  mouse  mAb  against 
gpl35,  an  endogenous  apical  plasma  membrane  protein  in  MDCK 
cells  (Ojakian  and  Schwimmer,  1988),  was  a  gift  from  G.  Ojakian 
(State  University  of  New  York  Health  Science  Center,  Brooklyn, 
NY).  The  mouse  mAb  against  E-cadherin,  rrl  (Gumbiner  and  Si¬ 
mons,  1986),  was  donated  by  B.  Gumbiner  (Sloan-Kettering,  New 
York,  NY).  The  mouse  mAb  6.23.3  against  an  endogenous  MDCK 
basolateral  plasma  membrane  protein  of  58  kDa  (Balcarova-Stander 
et  al,  1984)  was  a  gift  from  K.  Matlin  (Harvard  Medical  School, 
Boston,  MA).  The  rabbit  polyclonal  antibody  against  canine  gp80/ 
clusterin  (Urban  et  al,  1987)  was  a  gift  from  C.  Koch-Brandt  (Uni- 
versitat  Mainz,  Mainz,  Germany).  Purified  human  polymeric  immu¬ 
noglobulin  A  (IgA)  was  kindly  provided  by  J.-P.  Vaerman  (Catholic 
University  of  Louvain,  Brussels,  Belgium).  Anti-Na + /K+-ATPase  (a 
subunit,  MA3-928)  was  from  Affinity  Bioreagents  (Golden,  CO). 
Fluorescein  dichlorotriazine-labeled  anti-human  IgA  antibody  was 
from  Organon  Teknika  (Durham,  NC).  The  antibody  against  canine 
apo-transferrin  has  been  described  (Apodaca  et  al,  1994).  The  mouse 
mAb  against  Golgin-97  was  from  Molecular  Probes  (Eugene,  OR). 
Secondary  antibodies  cross-absorbed  against  multiple  species  and 
conjugated  to  FITC,  Texas  Red,  or  Cy5  were  from  Jackson  Immu- 
noresearch  (West  Grove,  PA). 


SDS-PAGE  and  Immunoblotting 

Total  membrane  fractions  of  MDCK,  HepG2,  HeLa,  and  HT29  cells 
were  prepared  by  scraping  the  cells  from  confluent  dishes  in  PBS 
containing  protease  inhibitors  and  homogenization  by  repeated  pas¬ 
sage  through  a  22-gauge  needle.  Nuclei  and  unbroken  cells  were 
removed  by  centrifugation  at  500  X  g  for  2  min.  The  membranes 
were  recovered  by  centrifugation  at  16,000  X  g  for  10  min  and 
dissolved  in  SDS-PAGE  sample  buffer.  Equal  amounts  of  protein 
were  separated  on  a  12%  SDS-polyacrylamide  gel  followed  by  trans¬ 
fer  to  nitrocellulose  and  incubation  with  the  affinity-purified  syn¬ 
taxin  11  antibody.  Bands  were  visualized  by  ECL. 
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Cell  Culture 

MDCK  strain  II  cells  were  maintained  in  MEM  supplemented  with 
10%  FBS,  100  U/ml  penicillin,  and  100  pig/ ml  streptomycin  in  5% 
C02/95%  air.  For  experiments  with  polarized  MDCK  cells,  the  cells 
were  cultured  on  12-mm,  0.4- /xm  pore  size  Transwell  polycarbonate 
filters  for  the  indicated  periods.  For  experiments  with  nonpolarized 
MDCK  cells,  the  cells  were  sparsely  seeded  onto  glass  coverslips  in 
MEM  without  FBS  and  allowed  to  attach  for  2  h.  Afterward,  the 
medium  was  changed  to  s-MEM  (GIBCO-BRL)  with  three  washes  of 
10  min  each,  and  the  cells  were  incubated  overnight  (i.e.,  16-18  h). 
In  some  experiments,  the  cells  were  allowed  to  endocytose  IgA  or 
transferrin  during  this  overnight  incubation  by  adding  50  pig/ ml 
polymeric  IgA  or  1  pig/ml  iron-loaded  canine  transferrin,  respec¬ 
tively. 


Transfection 

For  expression  of  human  syntaxin  11,  MDCK  cells  were  transfected 
with  the  syntaxin  11  cDNA  in  the  expression  vector  pCDNA3  by  the 
calcium  phosphate  method,  followed  by  selection  in  medium  con¬ 
taining  350  pig/ml  G418  (as  described  by  Breitfeld  et  al,  1989).  For 
all  experiments,  a  mixture  of  the  G418-resistant  cells,  displaying  a 
wide  range  of  expression  levels,  was  used.  MDCK  cells  stably 
expressing  rat  syntaxins  2,  3,  and  4  have  been  described  (Low  et  ah, 
1996).  MDCK  cells  expressing  human  SNAP-23  were  described  by 
Low  et  al.  (1998b).  MDCK  cells  expressing  the  wild-type  rabbit 
polymeric  immunoglobulin  receptor  (plgR)  (Mostov  and  Deitcher, 
1986),  signalless  plgR  (Casanova  et  al,  1991),  or  glycosylphosphati- 
dylinositol  (GPI)-pIgR  (Mostov  et  al,  1986)  have  been  described 
previously. 


Confocal  Immunofluorescence  Microscopy 

Cells  were  fixed  either  in  methanol  at  —  20°C  or  with  4%  parafor¬ 
maldehyde,  permeabilized  with  0.025%  (wt/vol)  saponin  (Sigma)  in 
PBS,  and  then  blocked  with  10%  FBS  or  5%  BSA  followed  by 
sequential  incubations  with  primary  antibodies  and  FITC-  and/ or 
Texas  red- conjugated  secondary  antibodies.  In  some  cases,  nuclei 
were  stained  with  5  pig/ml  propidium  iodide  (Vector  Laboratories, 
Burlingame,  CA)  after  treatment  with  100  p ig/ml  RNAse  A.  The 
samples  were  analyzed  with  the  use  of  a  Leica  (Bensheim,  Ger¬ 
many)  TCS-NT  confocal  microscope. 


Figure  1.  Syntaxin  11  is  endogenously  expressed  in  epithelial  cell 
lines.  Total  membrane  lysates  were  prepared  from  the  following 
cultured  cell  lines:  canine  kidney  epithelium- derived  MDCK  cells, 
MDCK  cells  stably  transfected  with  human  syntaxin  11,  human 
colon  carcinoma- derived  Caco-2  and  HT-29  cells,  human  liver  ep¬ 
ithelial  HepG2  cells,  and  human  HeLa  cells.  Equal  amounts  of 
protein  were  separated  on  a  12%  SDS-polyacrylamide  gel,  trans¬ 
ferred  to  nitrocellulose,  and  probed  with  an  affinity-purified  poly¬ 
clonal  antibody  against  an  N-terminal  peptide  of  the  human  syn¬ 
taxin  11  sequence.  Endogenous  syntaxin  11  could  be  detected  in 
MDCK,  Caco-2,  and  HeLa  cells.  Identical  signals  were  obtained  with 
Western  blots  probed  with  antisera  from  two  additional  rabbits.  All 
bands  disappeared  after  competition  with  the  syntaxin  11  peptide 
(our  unpublished  results).  The  electrophoretic  mobility  of  syntaxin 
11  in  HeLa  cells  and  exogenously  expressed  syntaxin  11  in  MDCK 
cells  is  higher  than  that  of  endogenous  syntaxin  11  in  MDCK  and 
Caco-2  cells. 


RESULTS 

Syntaxin  11  Is  Expressed  at  the  Plasma  Membrane 
in  Polarized  but  Not  in  Nonpolarized  MDCK  Cells 

The  following  t-SNAREs  are  localized  to  the  plasma  mem¬ 
brane  in  mammalian  cells.  The  neuron-specific  syntaxins  1  A, 
IB,  and  SNAP-25  function  in  the  fusion  of  synaptic  vesicles 
with  the  presynaptic  plasma  membrane.  The  more  widely 
expressed  syntaxins  2,  3,  and  4  and  SNAP-23  have  been 
studied  in  various  cell  types,  in  which  they  are  generally 
localized  at  the  plasma  membrane  (Bennett  et  al,  1993;  Low 
et  al,  1996;  Wang  et  al,  1997;  Galli  et  al,  1998;  Low  et  al, 
1998b).  All  other  syntaxin  homologues  studied  so  far  are 
localized  to  various  intracellular  organelles  where  they  are 
believed  to  be  functionally  involved  in  membrane  trafficking 
pathways  directed  to  these  organelles. 

The  recently  discovered  syntaxin  11  has  an  unusual  pri¬ 
mary  structure  in  that  it  lacks  a  C-terminal  transmembrane 
domain  (Advani  et  al,  1998;  Tang  et  al,  1998;  Valdez  et  al, 
1999).  Nevertheless,  syntaxin  11  is  membrane-bound.  In 
transiently  transfected,  nonpolarized  NRK  or  HeLa  cells, 
syntaxin  11  was  found  in  intracellular  vesicles  that  partially 
colocalized  with  endosomal  and  TGN  markers  (Advani  et 


al,  1998;  Valdez  et  al,  1999).  Syntaxin  11  is  widely  expressed 
in  several  tissues,  including  tissues  rich  in  epithelia  such  as 
lung,  placenta,  liver,  and  kidney,  whereas  it  is  absent  in 
brain  (Advani  et  al,  1998;  Tang  et  al,  1998;  Valdez  et  al, 
1999).  This  tissue  distribution  prompted  us  to  investigate 
whether  syntaxin  11  is  expressed  in  several  pure  epithelial 
cell  lines.  By  Western  blotting,  syntaxin  11  can  be  detected  in 
total  membrane  fractions  of  MDCK  cells  and  Caco-2  colon 
carcinoma  cells  as  well  as  in  HeLa  cells,  but  it  is  undetectable 
in  the  intestinal  epithelial  cell  line  HT-29  and  in  hepatocyte- 
derived  HepG2  cells  (Figure  1).  The  gel  mobility  of  endog¬ 
enous  syntaxin  11  in  HeLa  cells  is  slightly  higher  than  that  in 
MDCK  and  Caco-2  cells.  The  reason  for  this  difference  is 
unknown,  but  it  may  result  from  differences  in  posttransla- 
tional  modification. 

Next,  we  studied  the  subcellular  localization  of  syntaxin 
11  in  MDCK  cells  because  this  epithelial  cell  line  has  been 
most  extensively  studied  with  respect  to  the  localization  and 
function  of  t-SNAREs.  Because  our  syntaxin  11  antibody  did 
not  react  well  for  immunocytochemistry  with  the  endoge¬ 
nous  canine  protein,  MDCK  cells  were  stably  transfected 
with  the  cDNA  of  the  human  protein.  Confocal  immunoflu- 
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orescence  microscopy  revealed  that  syntaxin  11  is  localized 
predominantly  at  the  plasma  membrane  in  polarized  MDCK 
cells  rather  than  in  intracellular  compartments,  as  reported 
previously  for  nonpolarized  cells.  The  majority  of  syntaxin 
11  localizes  to  both  the  apical  and  basolateral  plasma  mem¬ 
branes,  with  some  additional  intracellular  punctate  staining 
mostly  in  the  apical  cytoplasm  (Figure  2).  This  localization 
was  independent  of  the  level  of  syntaxin  11  expression 
found  by  comparing  individual  cells  with  a  wide  range  of 
expression  levels  in  a  mixed  population  of  stably  transfected 
cells.  Also,  as  shown  in  Figure  1,  the  level  of  exogenous 
human  syntaxin  11  expression  was  similar  to  the  endoge¬ 
nous  level  in  MDCK  cells. 

Surprisingly,  in  nonpolarized  MDCK  cells,  e.g.,  soon  after 
plating  and  not  allowing  the  cells  enough  time  to  form 
cell- cell  interactions,  syntaxin  11  was  found  to  be  intracel¬ 
lular,  with  very  little  if  any  plasma  membrane  staining  (Fig¬ 
ure  2E).  Under  these  conditions,  syntaxin  11  localizes  to 
bright  punctate  vesicles,  as  reported  previously  in  nonpo¬ 
larized  fibroblastic  cells  (Advani  et  al,  1998;  Valdez  et  ah, 
1999).  Costaining  of  syntaxin  11  with  an  antibody  against  the 
lysosomal /late  endosomal  protein  LAMP-2  shows  no  signif¬ 
icant  overlap,  indicating  that  syntaxin  11  is  not  simply  being 
degraded  in  nonpolarized  MDCK  cells  (Figure  2E).  The  ob¬ 
served  dramatic  change  in  the  localization  of  syntaxin  11 
depending  on  the  state  of  cellular  polarity  of  MDCK  cells 
suggests  that  it  normally  functions  at  the  plasma  membrane 
in  polarized  epithelial  cells,  while  it  may  have  a  different 
function  in  nonpolarized  cells. 

The  Subcellular  Localization  of  All  Plasma 
Membrane  t-SNARE$  Changes  during  the 
Development  of  Epithelial  Polarity 

As  with  syntaxin  11,  we  observed  that  the  previously  char¬ 
acterized  plasma  membrane  t-SNAREs  in  MDCK  cells  also 
undergo  similar  dramatic  changes  in  subcellular  localization 
depending  on  the  degree  of  cellular  polarity.  Figure  3  shows 
a  time  course  of  MDCK  cells  at  various  stages  during  the 
establishment  of  a  fully  polarized  monolayer.  The  cells  were 
plated  at  high  density  onto  polycarbonate  filters,  and  the 
localizations  of  syntaxins  2,  3,  4,  and  11  and  SNAP-23,  as 
well  as  the  tight  junction  protein  ZO-1,  were  monitored  at 
different  times  after  plating.  After  2  h,  the  cells  are  irregu¬ 
larly  shaped  and  start  to  form  cell- cell  contacts.  At  this 
stage,  all  plasma  membrane  t-SNAREs  are  found  predomi¬ 
nantly  in  intracellular  vesicles  in  addition  to  a  variable 
amount  of  plasma  membrane  staining.  In  ~10%  of  the  cells, 
large  intracellular  vacuolar  structures  can  be  observed  (ar¬ 
rows).  After  1  d,  the  monolayer  is  confluent  and  uninter¬ 
rupted  circumferential  tight  junctions  are  established.  A  sub¬ 
stantial  portion  of  all  SNAREs  has  relocalized  to  the  plasma 
membrane  in  a  polarized  manner.  Syntaxins  2  and  11  as  well 
as  SNAP-23  are  found  at  both  the  basolateral  and  the  apical 
plasma  membrane  in  addition  to  some  remaining  intracel¬ 
lular  labeling.  Syntaxin  3  is  absent  from  the  basolateral 
domain  but  localizes  to  the  apical  domain  in  addition  to 
intracellular  lysosomes,  as  established  previously  (Low  et  ah, 
1996;  Delgrossi  et  al,  1997).  Syntaxin  4,  in  turn,  is  absent 
from  the  apical  domain  but  has  partially  relocalized  to  the 
basolateral  domain.  During  the  course  of  the  experiment, 
until  d  7,  the  cells  grow  somewhat  in  height  and  form  a 


B 
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Figure  2.  Syntaxin  11  is  localized  at  the  plasma  membrane  in 
polarized  but  not  in  nonpolarized  MDCK  cells.  A  mixed  population 
of  MDCK  cells  stably  expressing  human  syntaxin  11  was  grown 
either  for  3  d  on  polycarbonate  filters  (A-D)  or  for  2  h  on  glass 
coverslips  (E).  The  cells  were  stained  with  antibodies  against  syn- 
taxin  11  (A,  C,  and  E,  green),  the  lateral  plasma  membrane  protein 
E-cadherin  (B  and  D),  or  the  late  endosomal/lysosomal  protein 
LAMP-2  (E,  red).  B  and  D  also  show  nuclear  DNA  staining  with 
propidium  iodide.  A  and  B  show  horizontal  confocal  optical  sec¬ 
tions  just  above  the  nuclei.  C  and  D  show  vertical  optical  sections 
with  the  apical  plasma  membrane  at  the  top.  Syntaxin  11  colocalizes 
with  E-cadherin  at  the  lateral  plasma  membrane.  E  shows  a  repre¬ 
sentative  horizontal  optical  section  through  the  middle  of  the  cells. 
Syntaxin  11  does  not  significantly  colocalize  with  LAMP-2.  The 
absence  of  a  syntaxin  11  signal  in  neighboring  nonexpressing  cells 
(A  and  E)  demonstrates  the  specificity  of  the  antibody.  Bars,  5  /am. 


straight  apical  surface.  All  of  the  SNAREs  continue  to  move 
to  their  final  destination  at  their  specific  plasma  membrane 
domains;  however,  even  after  7  d  some  intracellular  staining 
remains  in  each  case,  as  observed  previously  (Low  et  al. , 
1996,  1998b). 
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Figure  3.  All  plasma  membrane  t-SNAREs  relocalize  from  intracellular  compartments  to  their  final  plasma  membrane  domains  during 
development  of  MDCK  cells  into  a  polarized  monolayer.  MDCK  cells  stably  expressing  syntaxins  2,  3,  4,  and  11  and  SNAP-23  were  seeded 
at  high  density  onto  polycarbonate  filters.  At  the  indicated  times,  the  cells  were  fixed  and  stained  with  affinity-purified  antibodies  against  the 
respective  SNAREs  (green)  as  well  as  an  antibody  against  the  tight  junction  protein  ZO-1  (red).  Nuclei  were  stained  with  propidium  iodide 
(red).  Confocal  optical  sections  through  the  monolayers  are  shown  with  the  apical  side  on  top.  Once  the  cells  have  established  contacts,  the 
tight  junctions  can  be  seen  as  red  dots  at  the  junction  between  the  apical  and  basolateral  plasma  membranes.  At  the  earliest  time,  large 
intracellular  vacuoles  are  occasionally  detected  (arrows),  most  frequently  with  syntaxin  3  and  SNAP-23.  While  the  distribution  of  all  studied 
SNAREs  is  predominantly  intracellular  at  2  h,  it  shifts  to  a  predominantly  plasma  membrane  localization  during  the  course  of  7  d.  Note  that 
starting  at  d  1,  syntaxin  3  is  always  excluded  from  the  basolateral  plasma  membrane,  whereas  syntaxin  4  is  always  excluded  from  the  apical 
plasma  membrane.  Bar,  5  jixm. 


This  change  in  subcellular  localization  of  the  machinery 
that  normally  mediates  vesicle  fusion  at  the  plasma  mem¬ 
brane  suggests  that  these  membrane  traffic  pathways  are 
fundamentally  altered  in  epithelial  cells  during  the  course  of 
the  establishment  of  cellular  polarity. 

Sustained  Inhibition  of  Epithelial  Polarity  Causes 
Intracellular  Accumulation  of  Apical  and 
Basolateral  t-SNAREs  into  Distinct  Compartments 

To  study  the  nature  of  the  intracellular  location  of  plasma 
membrane  t-SNAREs  in  detail,  we  sought  to  arrest  MDCK 
cells  in  a  nonpolarized  state.  The  formation  of  a  polarized 
epithelial  layer  can  be  prevented  experimentally  by  the  in¬ 
hibition  of  E-cadherin-mediated  interactions  between 
neighboring  cells  (Birchmeier  et  ah,  1996;  Bracke  et  ah,  1996; 
Gumbiner,  1996).  Inhibition  of  calcium-dependent  homo- 
typic  E-cadherin  binding  by  withdrawal  of  high  calcium 
concentrations  in  the  medium  keeps  MDCK  cells  in  a  non¬ 
polarized  state.  It  has  been  observed  that,  when  grown  in 
low-calcium  medium  (LCM),  MDCK  cells  form  large  intra¬ 
cellular  vacuoles  that  bear  ultrastructural  resemblance  to  the 
apical  plasma  membrane,  including  the  presence  of  mi¬ 
crovilli  and  an  associated  actin  cytoskeleton.  This  compart¬ 
ment  was  termed  "vacuolar  apical  compartment"  or  VAC 
(Vega-Salas  et  al,  1987).  Similar  vacuoles  are  found  in  a 
variety  of  carcinomas  (Remy,  1986;  Kern  et  ah,  1987;  Vega- 
Salas  et  al,  1993). 

We  studied  the  subcellular  localization  of  plasma  mem¬ 
brane  SNAREs  in  MDCK  cells  grown  under  these  condi¬ 
tions.  A  high  percentage  (>50%)  of  the  cells  display  one  or 


more  large  vacuolar  compartments  that  are  positive  for  the 
endogenous  apical  marker  protein  gpl35  and  are  indistin¬ 
guishable  in  appearance  from  previously  described  VACs 
(Figure  4).  Plasma  membrane  t-SNAREs  that  normally  local¬ 
ize  to  the  apical  domain  (syntaxins  2,  3,  and  11  and  SNAP- 
23)  colocalize  with  gpl35  in  these  VACs.  In  contrast,  the 
normally  exclusively  basolateral  syntaxin  4  is  excluded  from 
gp  135-positive  VACs.  Instead,  in  addition  to  small  vesicles, 
in  the  majority  of  cells  syntaxin  4  is  found  in  larger  struc¬ 
tures  that  resemble  VACs  but  exclude  gpl35.  The  SNAREs 
that  are  normally  localized  to  both  apical  and  basolateral 
plasma  membrane  domains  (syntaxins  2  and  11  and  SNAP- 
23)  can  be  found  in  large  gpl35-negative  structures  (arrows) 
in  addition  to  gpl35-positive  VACs.  These  results  suggest 
that  at  least  two  distinct  intracellular  organelles  exist  in 
nonpolarized  MDCK  cells  to  which  plasma  membrane  t- 
SNAREs  are  targeted. 

To  verify  the  results  obtained  with  exogenously  expressed 
syntaxin  3  in  MDCK  cells,  we  investigated  whether  endoge¬ 
nous  syntaxin  3  would  also  localize  to  VACs  in  a  different  cell 
line.  The  human  colon  carcinoma  cell  line  Caco-2  was  grown  in 
LCM  as  described  above  and  stained  for  endogenously  ex¬ 
pressed  syntaxin  3  and  the  microvillar  protein  villin.  While 
syntaxin  3  and  villin  are  localized  at  the  apical  plasma  mem¬ 
brane  in  fully  polarized  Caco-2  cells  (Delgrossi  et  al,  1997;  Galli 
et  al,  1998;  Riento  et  al,  1998;  our  unpublished  results),  they  are 
strongly  enriched  in  VACs  in  nonpolarized  cells  (Figure  5). 
This  result  indicates  that  the  localization  of  syntaxin  3  in  VACs 
is  a  general  phenomenon  of  nonpolarized  epithelial  cells  and 
not  an  artifact  of  syntaxin  overexpression. 
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Figure  4.  In  nonpolarized  MDCK  cells,  apical  t-SNAREs  localize  to 
the  VAC,  whereas  basolateral  SNAREs  are  excluded  from  it.  MDCK 
cells  stably  expressing  syntaxins  2,  3,  4,  and  11  and  SNAP-23  were 
seeded  onto  glass  coverslips  in  regular  medium.  After  2  h,  the  cells 
were  switched  to  LCM  and  incubated  for  16  h.  Cells  were  fixed, 
permeabilized,  and  stained  for  the  individual  SNAREs  (left  column) 
and  with  an  antibody  against  an  endogenous  apical  plasma  mem¬ 
brane  protein,  gpl35  (right  column).  gpl35  localizes  to  the  VAC. 
Syntaxins  2, 3,  and  11  and  SNAP-23  colocalize  with  gpl35  in  VACs. 
In  contrast,  syntaxin  4  is  excluded  from  VACs  (arrows  indicate 
VACs  for  better  orientation).  Syntaxins  2  and  11  and  SNAP-23  are 
also  found  in  large  intracellular  compartments  that  exclude  gpl35 
(arrows)  in  addition  to  gp!35-positive  VACs.  Bars,  5  fx m. 


We  and  others  found  previously  that  syntaxin  3  partially 
localizes  to  lysosomes  in  addition  to  the  apical  plasma  mem¬ 
brane  in  fully  polarized  MDCK  and  Caco-2  cells  (Low  et  al, 
1996;  Delgrossi  et  al,  1997).  To  investigate  whether  VACs 
containing  syntaxin  3  may  represent  an  enlarged  type  of 
lysosomes  in  cells  grown  under  low-calcium  conditions, 
MDCK  cells  were  colabeled  for  syntaxin  3  and  the  late 
endosomal/lysosomal  protein  LAMP-2.  Figure  6  shows  that 
VACs  and  lysosomes  are  clearly  distinct.  This  result  indi¬ 
cates  that  VACs  are  not  connected  to  the  late  endosomal/ 
lysosomal  system  and  therefore  are  not  degradative  com¬ 
partments.  Moreover,  none  of  the  other  plasma  membrane 
SNAREs  colocalized  with  LAMP-2  in  MDCK  cells  grown  in 
LCM  (our  unpublished  results). 


Syntaxin  4  Is  a  Marker  for  a  Novel  Intracellular 
Organelle  in  Nonpolarized  MDCK  Cells 

VACs  have  been  described  previously  in  nonpolarized 
MDCK  cells,  and  our  finding  that  they  contain  apical-spe¬ 
cific  t-SNAREs  suggest  that  they  receive  apical-specific 
membrane  traffic.  Our  finding  of  syntaxin  4 -positive  intra¬ 
cellular  organelles  suggests  that  another  class  of  intracellular 
plasma  membrane-like  organelles  exists  that  may  be  the 
basolateral  equivalent  of  the  VAC.  Because  such  an  or¬ 
ganelle  has  not  been  described  before,  we  sought  to  inves¬ 
tigate  its  composition  and  relationship  to  other  organelles  in 
more  detail  by  the  colabeling  studies  described  below.  Fig¬ 
ure  7,  A-D,  shows  that  the  basolateral  syntaxin  4 -positive 
compartment  also  contains  two  proteins  that  are  normally 
specifically  localized  at  the  basolateral  plasma  membrane 
domain  in  polarized  MDCK  cells:  an  endogenous  58-kDa 
basolateral  plasma  membrane  protein  (6.23.3)  and  the  Na / 
K-ATPase.  Both  proteins  appear  to  be  even  more  concen¬ 
trated  in  the  intracellular  compartments  than  syntaxin  4, 
which  is  also  present  at  the  plasma  membrane.  These  data 
indicate  that  the  syntaxin  4 -positive  compartment  has  a 
protein  composition  similar  to  that  of  the  basolateral  plasma 
membrane  of  polarized  cells. 

It  is  important  to  note  that  the  degree  of  intracellular 
localization  of  SNAREs  or  any  of  the  plasma  membrane 
marker  proteins  studied  here  in  nonpolarized  MDCK  cells  is 
relatively  heterogeneous.  We  typically  observed  a  range  of 
individual  cells  displaying  varying  degrees  of  retention 
ranging  from  complete  absence  of  plasma  membrane  mark¬ 
ers  from  the  plasma  membrane  to  almost  complete  absence 
of  these  markers  in  intracellular  organelles  (see  Figures  4-9). 
This  heterogeneity  was  seen  in  all  MDCK  clones  investi¬ 
gated,  indicating  that  it  is  not  due  to  clonal  variation. 

Next,  we  investigated  whether  E-cadherin  might  be  accu¬ 
mulated  in  the  syntaxin  4 -positive  compartment.  In  control 
cultures,  E-cadherin  colocalizes  with  syntaxin  4  at  the  cell¬ 
cell  contacts  (Figure  7,  G  and  H).  In  contrast,  E-cadherin 
expression  is  strongly  down-regulated  in  cells  grown  in 
LCM  (Figure  7,  E  and  F).  The  remaining  minor  amounts  of 
E-cadherin  partially  colocalize  with  syntaxin  4  in  intracellu¬ 
lar  organelles  in  addition  to  spreading  in  a  diffuse  staining 
pattern,  but  they  are  not  detectable  at  sites  of  cell- cell  con¬ 
tact.  Therefore,  in  contrast  to  the  antigen  6.23.3  and  the 
Na/ K-ATPase,  the  normally  lateral  plasma  membrane  pro¬ 
tein  E-cadherin  is  not  only  redirected  from  the  surface  but  its 
expression  is  also  down-regulated. 
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Figure  5.  Endogenous  syntaxin  3 
localizes  to  VACs  in  Caco-2  cells. 
The  human  colon  carcinoma  cell 
line  Caco-2  was  grown  under  low- 
calcium  conditions  as  described  in 
Figure  4.  Endogenously  expressed 
syntaxin  3  (A)  and  the  microvillar 
protein  villin  (B)  were  labeled  with 
the  appropriate  antibodies.  Syn¬ 
taxin  3  is  strongly  enriched  in 
VACs  that  are  also  positive  for  vil¬ 
lin,  indicating  that  VACs  are  lined 
by  microvilli  (arrows).  Bar,  5  jam. 


A 

B 

/_ 

t 

+  f 

— 

Both  apical  and  basolateral  plasma  membrane  domains  of 
polarized  epithelial  cells  are  generally  associated  with  an 
actin  cytoskeleton.  Phalloidin  staining  shows  that  in  nonpo¬ 
larized  MDCK  cells,  in  addition  to  the  plasma  membrane, 
both  syntaxin  3-positive  vacuoles  (our  unpublished  results) 
and  syntaxin  4 -positive  vacuoles  (Figure  7, 1  and  J)  display 
an  associated  actin  cytoskeleton.  This  result  distinguishes 
VACs  and  the  intracellular  syntaxin  4 -positive  compart¬ 
ment  from  endosomes  or  other  intracellular  organelles  that 
do  not  typically  contain  a  prominent  actin  cytoskeleton. 

a-Fodrin  (nonerythroid  spectrin)  is  a  component  of  the 
actin-associated  cytoskeleton  that  normally  underlies  the 
lateral  plasma  membrane  in  polarized  epithelial  cells  and 
has  been  implicated  in  the  sorting  of  basolateral  membrane 
proteins,  such  as  the  Na/K-ATPase,  by  selective  retention  at 
the  basolateral  surface  (Nelson  and  Hammerton,  1989;  Nel¬ 
son  et  al,  1990;  Hammerton  et  al,  1991).  We  found  that  in 
MDCK  cells  grown  in  LCM  fodrin  significantly  colocalizes 
with  syntaxin  4  in  intracellular  organelles  in  addition  to 
plasma  membrane  staining  and  diffuse  cytoplasmic  staining 
(Figure  7,  K  and  L).  This  suggests  that  intracellular  syntaxin 
4 -positive  organelles  possess  not  only  the  machinery  for 
fusion  of  incoming  transport  vesicles  (syntaxin  4)  but  also 


the  cytoskeletal  components  required  for  selective  retention 
of  basolateral  membrane  proteins  and  explains  the  accumu¬ 
lation  of  Na/K-ATPase  in  these  organelles  (Figure  7,  C  and 
D). 

Cytokeratin  intermediate  filaments  are  normally  closely 
attached  to  the  basolateral  plasma  membrane  domain  of 
polarized  epithelial  cells  by  anchoring  to  desmosomes  and 
hemidesmosomes.  Using  a  pan-keratin  antibody,  we  found 
that  intermediate  filaments  are  largely  retracted  from  the 
plasma  membrane  in  MDCK  cells  grown  in  LCM.  They  are 
concentrated  in  the  center  of  the  cell,  where  they  often 
appear  to  be  closely  associated  with  syntaxin  4 -positive 
intracellular  organelles  (Figure  7,  M  and  N). 

The  syntaxin  4 -positive  organelles  often  localize  in  a  pe¬ 
rinuclear  position  in  MDCK  cells  grown  in  LCM.  Because 
this  is  typically  also  the  localization  of  the  Golgi  apparatus 
within  nonpolarized  cells,  we  double  labeled  cells  for  syn¬ 
taxin  4  and  the  Golgi  protein  Golgin-97.  Figure  7,  O  and  P, 
shows  that  both  proteins  localize  quite  distinctly  with  no 
significant  overlap,  excluding  the  possibility  that  the  syn¬ 
taxin  4 -positive  organelles  represent  a  distended  Golgi  ap¬ 
paratus  in  MDCK  cells  grown  in  LCM. 


Figure  6.  VACs  are  not  related  to  lysosomes. 
MDCK  cells  expressing  syntaxin  3  were 
grown  in  LCM  for  16  h,  fixed,  permeabilized, 
and  stained  for  syntaxin  3  (A)  and  the  late 
endosomal /lysosomal  protein  LAMP-2  (B). 
Note  that  large  vacuoles  stain  for  syntaxin  3 
but  not  LAMP-2  (arrows).  Bar,  5  jam. 
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Figure  7.  Syntaxin  4  is  a  marker  for  a  novel  intracellular  organelle  in  nonpolarized  MDCK  cells.  MDCK  cells  expressing  syntaxin  4  were 
grown  m  LCM  (A-F  and  I-T)  or  regular  medium  (G  and  H)  for  16  h,  fixed,  permeabilized,  and  stained  for  syntaxin  4  (left  columns).  Cells 
were  cokbdcd  for  the  following  antigens:  (B)  antigen  6.23.3,  a  58-kDa  basolateral  plasma  membrane  protein;  (D)  Na/K-ATPase;  (F  and  H) 
E-cadherin;  (J)  F-actin  (staining  with  fluorescent  phalloidin);  (L)  fodrin;  (N)  cytokeratin  (antibody  against  pan-cytokeratin);  (P)  the  Golei 
protein  Golgin-97;  (R)  y-tubulin  to  stain  the  MTOCs;  and  (T)  ubiquitin.  Note  that  cells  in  E  and  F  were  grown  in  LCM  and  show  very  low 
E-cadherin  signals,  in  contrast  to  cells  in  G  and  H,  which  were  grown  in  regular  medium.  Micrographs  for  panels  F  and  H  were  recorded 
at  identical  imagmg  settings  for  comparison  of  signal  intensities.  Note  also  that  cells  in  S  and  T  were  grown  in  the  presence  of  the  proteasome 
inhibitor  acetyl-leucyl-leucyl-norleucinal  (ALLN)  to  allow  the  accumulation  of  aggresomes.  Arrows  at  identical  locations  between  panels  are 
drawn  for  better  orientation.  Bars,  5  /xm. 


Many  cellular  organelles  tend  to  cluster  around  the  mi-  tubule-mediated  transport.  Costaining  of  MDCK  cells 

crotubule  organizing  center  (MTOC),  which  is  typically  grown  in  LCM  for  syntaxin  4  and  y-tubulin  (Figure  7,  Q  and 

found  in  a  perinuclear  position  in  nonpolarized  cells  and  R)  shows  that  although  the  syntaxin  4-positive  organelles 

mdicates  that  these  organelles  are  clustered  there  by  micro-  can  be  located  very  close  to  the  MTOC,  they  show  a  more 
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dispersed  distribution,  suggesting  that  they  are  not  neces¬ 
sarily  being  actively  recruited  toward  the  MTOC. 

Recently,  a  novel  organelle,  termed  an  "aggresome,"  has 
been  discovered  in  cells  that  either  express  excessive 
amounts  of  misfolded  proteins  or  whose  proteasome  degra¬ 
dation  machinery  is  inhibited  (Johnston  et  al,  1998;  Wigley  et 
al,  1999).  Aggresomes  are  pericentriolar  cytoplasmic  inclu¬ 
sions  containing  misfolded,  ubiquitinated  protein  en- 
sheathed  in  a  cage  of  intermediate  filament  and  closely 
associated  with  the  centrosome.  Because  aggresomes  share 
common  features  with  our  syntaxin  4  organelles  morpho¬ 
logically,  we  investigated  whether  these  two  organelles 
could  be  related  to  or  identical  to  each  other.  When  MDCK 
cells  grown  in  LCM  were  stained  for  syntaxin  4  and  ubiq- 
uitin,  only  a  diffuse  cytoplasmic  signal  could  be  detected  for 
ubiquitin,  which  was  clearly  different  from  the  signal  in 
large  syntaxin  4 -positive  organelles  (our  unpublished  re¬ 
sults).  Next,  we  treated  the  cells  with  the  proteasome  inhib¬ 
itor  acetyl-leucyl-leucyl-norleucinal  to  induce  the  formation 
of  aggresomes.  Under  these  conditions,  ubiquitin-positive 
aggresomes  can  clearly  be  identified  that  do  not  significantly 
overlap  with  syntaxin  4 -positive  organelles  (Figure  7,  S  and 
T),  demonstrating  that  they  are  distinct. 

Together,  these  data  suggest  that  although  "apical"  and 
"basolateral"  t-SNAREs  are  localized  intracellularly  in  non¬ 
polarized  epithelial  cells,  they  are  nevertheless  sorted  to 
distinct  compartments.  These  intracellular  compartments  re¬ 
semble  the  respective  plasma  membrane  domains  due  to  the 
presence  of  apical  or  basolateral  t-SNAREs  as  well  as  other 
plasma  membrane  marker  proteins  and  an  actin-based  cy- 
toskeleton. 


Intracellular  Plasma  Membrane  Organelles  Can  Be 
Observed  under  Nonnal  Calcium  Conditions 

To  exclude  the  possibility  that  the  observed  generation  of 
apical  and  basolateral  intracellular  organelles  in  MDCK  cells 
grown  in  LCM  may  be  caused  by  a  decrease  in  the  intracel¬ 
lular  calcium  concentration  or  any  other  irrelevant  effect,  we 
seeded  MDCK  cells  sparsely  in  medium  containing  serum 
and  a  normal  concentration  of  calcium.  After  16  h,  the  cells 
were  stained  for  syntaxin  4  and  gpl35.  Under  these  condi¬ 
tions,  a  mixture  of  patches  of  confluent  cells  and  smaller 
aggregates  down  to  single  cells  is  observed.  Consistently, 
cells  that  are  located  at  the  edge  of  a  cell  patch  tend  to 
display  intracellular  syntaxin  4-positive  organelles,  whereas 
syntaxin  4  is  restricted  to  the  basolateral  plasma  membrane 
in  cells  that  are  completely  surrounded  by  other  cells  (Figure 
8A).  Single  cells  very  frequently  show  intracellular  syntaxin 
4 -positive  organelles  under  these  conditions,  whereas 
gp  135-positive  VACs  are  relatively  sparse  (Figure  8,  C  and 
D).  Omission  of  serum  increases  the  frequency  of  VACs,  in 
agreement  with  a  previous  report  (Vega-Salas  et  al ,  1993), 
but  it  has  no  other  apparent  effect  on  syntaxin  4 -positive 
organelles  (Figure  8,  E  and  F).  Altogether,  these  results 
demonstrate  that  the  occurrence  of  intracellular  apical  and 
basolateral  organelles  is  not  a  function  of  the  calcium  con¬ 
centration  per  se  but  rather  depends  on  the  degree  of  cell¬ 
cell  interactions. 


Protein  Sorting  Is  Preserved  in  Nonpolarized 
MDCK  Cells 

The  presence  of  normally  apical  and  basolateral  plasma 
membrane  t-SNAREs  in  cognate  intracellular  compartments 
in  nonpolarized  cells  suggests  that  these  SNAREs  function 
in  the  membrane  fusion  of  vesicles  from  incoming  transport 
pathways  that  are  equivalent  to  the  plasma  membrane- 
directed  transport  pathways  in  polarized  cells.  We  investi¬ 
gated  how  several  proteins  whose  trafficking  in  polarized 
MDCK  cells  is  well  characterized  are  targeted  in  nonpolar¬ 
ized  cells. 

The  soluble  secretory  protein  gp 80 /cluster in  is  endog¬ 
enously  expressed  in  MDCK  cells  and  is  normally  secreted 
apically  and  basolaterally  (-2:1  ratio)  in  polarized  MDCK 
cells  (Urban  et  al,  1987).  Figure  9,  G  and  H,  shows  that  at 
steady  state,  16  h  after  plating  in  LCM,  large  amounts  of 
gp80  are  retained  inside  individual  cells  and  localize  to  both 
gpl35-positive  VACs  and  syntaxin  4-positive  basolateral 
organelles.  The  protein  must  have  reached  these  organelles 
on  a  direct  route  after  biosynthesis,  because  otherwise  it 
would  be  secreted  and  lost  from  the  cells.  To  estimate  what 
proportion  of  gp80  is  secreted  versus  accumulated,  we  per¬ 
formed  pulse-chase  experiments  and  compared  polarized 
cells  grown  on  polycarbonate  filters  with  nonpolarized  cells 
grown  in  LCM.  After  3  h,  the  secretion  of  newly  synthesized 
gp80  from  polarized  cells  was  complete,  with  62%  secreted 
apically  and  36%  secreted  basolaterally  (Figure  10A).  In 
contrast,  13%  of  gp80  remained  intracellular  after  3  h  on  a 
whole-population  basis  in  nonpolarized  cells.  Considering 
that  only  approximately  half  of  the  cells  display  clearly 
identifiable  apical  and  basolateral  intracellular  compart¬ 
ments  under  the  culture  conditions,  we  estimate  that  in 
individual  cells  approximately  one-fourth  of  the  synthesized 
gp80  is  diverted  into  apical  and  basolateral  intracellular 
organelles,  and  the  remainder  is  secreted. 

Next,  we  investigated  trafficking  of  the  plgR.  In  polarized 
MDCK  cells,  plgR  is  first  transported  to  the  basolateral 
plasma  membrane  domain  and  is  subsequently  transcytosed 
to  the  apical  plasma  membrane  and  released  into  the  apical 
medium  after  proteolytic  cleavage  (Mostov  et  al,  1995).  We 
asked  whether  plgR  would  be  "transcytosed"  into  the  VAC 
in  nonpolarized  MDCK  cells.  Figure  9 A  shows  that  after  16  h 
of  incubation  in  LCM,  a  large  amount  of  plgR  accumulates 
in  the  VAC.  To  support  the  interpretation  that  this  is  equiv¬ 
alent  to  the  situation  in  polarized  cells  and  follows  an  indi¬ 
rect  route  via  the  plasma  membrane,  we  incubated  nonpo¬ 
larized  MDCK  cells  expressing  plgR  in  the  presence  of 
polymeric  IgA,  the  ligand  of  plgR-  If  at  least  a  fraction  of  the 
plgR  is  targeted  first  to  the  plasma  membrane  before  it 
reaches  the  VAC,  we  would  expect  it  to  have  the  ability  to 
transport  IgA  from  the  medium  into  the  VAC.  Figure  9D 
shows  that  this  is  the  case.  After  incubation  for  16  h,  the 
majority  of  the  internalized  IgA  is  found  in  gp  135 -positive 
VACs,  demonstrating  the  specificity  of  this  cognate  transcy- 
totic  pathway  in  nonpolarized  MDCK  cells. 

Two  mutant  forms  of  the  plgR  have  been  generated  pre¬ 
viously  that  are  deficient  in  direct  TGN-to-basolateral 
plasma  membrane  transport  in  polarized  MDCK  cells  and 
are  instead  targeted  directly  to  the  apical  domain.  Signalless 
plgR  (SL-pIgR)  is  a  transmembrane  protein  in  which  the 
basolateral  targeting  signal  in  the  cytoplasmic  domain  of 
plgR  has  been  deleted  (Casanova  et  al,  1991).  In  GPI-an- 
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Figure  8.  Intracellular  syntaxin  4 -positive 
organelles  can  be  observed  under  normal  ex¬ 
tracellular  calcium  conditions  in  cells  that  are 
not  within  a  monolayer.  MDCK  cells  express¬ 
ing  syntaxin  4  were  grown  for  16  h  in  me¬ 
dium  containing  a  normal  calcium  concentra¬ 
tion.  The  medium  for  A-D  contained  5%  FCS, 
whereas  the  medium  for  E  and  F  was  serum- 
free.  Cells  were  costained  for  syntaxin  4  (left 
column)  and  gpl35  (right  column).  Syntaxin 
4  frequently  localizes  to  intracellular  or¬ 
ganelles  in  single  cells  (C)  as  well  as  in  cells  at 
the  periphery  of  a  colony  (A,  arrow)  regard¬ 
less  of  the  presence  of  serum.  In  contrast, 
syntaxin  4  is  mostly  restricted  to  the  plasma 
membrane  in  cells  in  the  midst  of  a  colony. 
Prominent  intracellular  gp  135-positive  VACs 
are  frequent  in  cells  grown  in  the  absence  of 
serum  (E  and  F,  arrows)  but  rare  when  serum 
is  included.  Bars,  5  p,m. 


chored  plgR  (GPI-pIgR),  the  entire  cytoplasmic  domain  has 
been  deleted  (Mostov  et  al ,  1986),  resulting  in  the  attach¬ 
ment  of  a  GPI  anchor  (S.H.L.,  K.E.M.,  and  T.W.,  unpublished 
data).  We  have  shown  previously  that  trafficking  to  the 
apical  plasma  membrane  of  SL-pIgR  and  GPI-pIgR  involves 
syntaxin  3  and  SNAP-23  (Low  et  al,  1998a).  As  shown  in 
Figure  9,  B  and  C,  both  proteins  are  transported  to  the 
gp  135-positive  VAC  in  nonpolarized  MDCK  cells.  To  assess 
whether  the  VAC  is  reached  directly  after  biosynthesis  or 
indirectly  after  initial  delivery  to  the  plasma  membrane,  we 
measured  the  surface  delivery  of  SL-pIgR  quantitatively  by 
pulse-chase  analysis.  We  made  use  of  the  previous  finding 


that  the  extracytoplasmic  domain  of  plgR  contains  a  cleav¬ 
age  site  that  allows  the  rapid  release  of  this  domain  into  the 
medium  in  the  presence  of  low  amounts  of  Staphylococcus 
aureus  V8  endoprotease.  Figure  10B  shows  that  the  surface 
delivery  of  SL-pIgR  in  filter-grown  polarized  cells  is  com¬ 
plete  after  3  h,  with  an  apicahbasolateral  ratio  of  ~4:1.  In 
contrast  to  the  observed  diminished  secretion  of  gp80  (see 
above),  the  kinetics  of  SL-pIgR  surface  delivery  was  nearly 
identical  between  polarized  and  nonpolarized  cells.  This 
indicates  that  almost  all  of  the  SL-pIgR  that  is  found  in  the 
VAC  at  steady  state  has  reached  this  organelle  indirectly  via 
the  plasma  membrane.  This  is  supported  by  the  finding  that 


3054 


Molecular  Biology  of  the  Cell 


<  t  « 


Traffic  in  Nonpolarized  Epithelial  Cells 


i 


« 


( 


Wt- 

pigR 


SL- 

plgR 


GPI- 

pigR 


IgA 


Tf 


Tf 


GP80 


GP80 


GP135 
+  DNA 


Syn  4 


GP135 


Syn  4 


Figure  9.  The  "apical"  and  "basolateral"  intracellular  compart¬ 
ments  receive  membrane  traffic  from  cognate  polarized  trafficking 
pathways.  MDCK  cells  or  MDCK  cells  stably  expressing  the  wild- 
type  pigR  (wt-pIgR),  signalless  pigR  (SL-pIgR),  or  a  GPI-anchored 
mutant  form  of  pigR  (GPI-pIgR)  were  grown  in  LCM  for  16  h.  IgA, 
50  fL g/ml  polymeric  IgA  was  added  during  the  16-h  incubation  of 
cells  expressing  wild-type  pigR.  Tf,  1  jug/ml  iron-loaded  canine 


both  SL-pIgR  and  GPI-pIgR  are  able  to  transport  IgA  from 
the  medium  into  the  VACs  (our  unpublished  results). 

In  contrast  to  IgA,  transferrin  is  normally  endocytosed 
from  the  basolateral  plasma  membrane  and  recycled  back  to 
the  same  domain  in  polarized  MDCK  cells.  Only  a  very 
small  percentage,  if  any,  of  internalized  transferrin  is  tran- 
scytosed  to  the  apical  plasma  membrane  (Odorizzi  and 
Trowbridge,  1997;  Leung  et  al,  1998).  If  the  VAC  is  indeed  a 
cognate  compartment  to  the  apical  plasma  membrane,  we 
expect  that  transferrin  added  to  the  medium  would  have  no 
access  to  this  compartment.  Figure  9E  shows  that  this  is  the 
case.  After  16  h  of  incubation,  transferrin  is  internalized  in 
nonpolarized  MDCK  cells  but  remains  excluded  from  the 
gpl35-positive  VAC.  Instead,  internalized  transferrin  signif¬ 
icantly  colocalizes  with  syntaxin  4  in  large  intracellular  or¬ 
ganelles  (Figure  9F).  This  result  shows  that  transferrin  is 
endocytosed  and— instead  of  being  recycled  to  the  basolat¬ 
eral  plasma  membrane  in  polarized  cells — at  least  a  fraction 
of  it  is  transported  to  the  intracellular  syntaxin  4  compart¬ 
ment.  The  majority  of  the  additional  small  punctate  trans¬ 
ferrin  staining  does  not  coincide  with  syntaxin  4  but  is 
typical  for  endosomes  that  transferrin  normally  travels 
through.  These  results  indicate  that  the  intracellular  syn¬ 
taxin  4  compartment  is  distinct  from  typical  endosomes  but 
receives  endocytic  traffic  characteristic  of  the  basolateral 
plasma  membrane. 

Together,  these  results  strongly  suggest  that  the  intracel¬ 
lular  apical  and  basolateral  compartments  in  nonpolarized 
MDCK  cells  are  cognate  compartments  to  the  apical  and 
basolateral  plasma  membrane  in  polarized  cells.  They  are 
equipped  with  a  set  of  t-SNAREs  that  correspond  to  the 
respective  domains  of  polarized  cells  and  receive  membrane 
traffic  from  equivalent  biosynthetic  and  endocytic  pathways. 
The  overall  conclusion  from  these  findings  is  that  protein 
sorting  is  still  preserved  after  MDCK  cells  have  lost  their  cell 
polarity  and  that  apical  and  basolateral  proteins  are  not 
simply  randomly  mixed  together. 


Figure  9  (cont).  transferrin  was  added  to  MDCK  cells  during  the 
incubation.  The  cells  were  fixed,  permeabilized,  and  stained  with  an 
antibody  against  the  endogenous  apical  plasma  membrane  protein 
gpl35  to  label  VACs  and  propidium  iodide  as  a  nuclear  stain  (right 
column,  as  indicated).  The  pigR  was  detected  with  the  use  of  an 
antibody  against  the  ectodomain  (left  column,  top  three  panels). 
IgA,  transferrin,  syntaxin  4,  and  gp80/clusterin  were  detected  with 
the  use  of  specific  antibodies.  Note  that  wt-pIgR,  SL-pIgR,  and 
GPI-pIgR  are  transported  to  the  VAC  (arrows).  Also,  IgA  added  to 
the  medium  of  wt-pIgR- expressing  cells  is  transported  to  the  VAC 
(arrows),  indicating  that  wt-pIgR  is  first  transported  to  the  plasma 
membrane  after  biosynthesis,  where  it  can  bind  IgA,  internalize  it, 
and  transport  it  into  the  VAC.  In  contrast,  internalized  transferrin 
does  not  reach  the  VAC  (arrow).  Instead,  it  is  deposited  into  a 
syntaxin  4 -positive  compartment  (F).  The  endogenous  soluble  pro¬ 
tein  gp80/clusterin,  which  is  normally  secreted  apically  and  baso- 
laterally  (—2:1  ratio)  in  polarized  MDCK  cells,  is  transported  to  both 
VACs  (G)  and  syntaxin  4-positive  organelles  (H)  in  nonpolarized 
cells,  suggesting  that  it  reaches  these  compartments  directly  after 
biosynthesis.  The  panels  in  the  left  column  show  the  same  fields  as 
those  in  the  right  column.  Arrows  are  drawn  for  better  orientation. 
The  outline  of  one  cell  in  G  is  drawn  for  clarity.  Bars,  5  /xm. 
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Figure  10.  Quantitation  of  surface  transport  of  the  secreted  protein 
gp80/ clusterin  in  polarized  and  nonpolarized  MDCK  cells.  MDCK 
cells  (A)  or  MDCK  cells  stably  expressing  SL-pIgR  (B)  were  grown 
as  either  a  polarized  monolayer  on  polycarbonate  filters  in  regular 
medium  or  as  nonpolarized  cells  on  glass  coverslips  in  LCM.  Pro¬ 
teins  were  pulse-labeled  with  [35S]cysteine.  (A)  The  secretion  of 
radiolabeled  gp80  was  monitored  by  collecting  apical  or  basolateral 
medium  (polarized)  or  total  medium  (nonpolarized)  at  different 
times  and  quantitation  by  SDS-PAGE  and  phosphorimaging  and  is 
represented  as  a  percentage  of  total  radiolabeled  gp80  (intracellular 
plus  secreted).  Apically  and  basolaterally  secreted  gp80  was  added 
to  yield  total  secretion  of  gp80  from  polarized  cells.  Note  that  after 
3  h,  gp80  secretion  was  nearly  complete  in  polarized  cells,  whereas 
-15%  of  gp80  remained  intracellular  in  nonpolarized  cells.  (B)  The 
surface  delivery  of  newly  synthesized  SL-pIgR  was  monitored  by 
the  addition  of  a  low  concentration  of  V8  protease  to  the  chase 
medium,  which  efficiently  released  the  extracytoplasmic  domain  of 
plgR  into  the  medium.  Quantitation  was  as  described  above.  Note 
that  the  kinetics  of  SL-pIgR  delivery  in  polarized  and  nonpolarized 
cells  is  nearly  identical,  indicating  that  the  majority  of  SL-pIgR  is 
delivered  directly  to  the  plasma  membrane.  Experiments  were  done 
in  triplicate,  and  error  bars  represent  SDs.  Error  bars  were  omitted 
when  they  were  smaller  than  the  symbol. 


DISCUSSION 

In  the  present  paper,  we  show  that  t-SNAREs  that  are  nor¬ 
mally  localized  at  the  plasma  membrane  in  polarized  epi¬ 
thelial  cells  distribute  to  intracellular  compartments  when 
cell  polarity  is  lost  or  not  yet  established.  Syntaxin  11  was 
identified  as  a  new  additional  plasma  membrane  SNARE  in 
polarized  MDCK  cells.  This  increases  the  number  of  epithe¬ 


lial  plasma  membrane  syntaxins  to  four  and  raises  the  ques¬ 
tion  of  whether  they  all  serve  separate  membrane  traffic 
pathways.  Only  syntaxins  3  and  4  show  a  polarized  distri¬ 
bution  at  the  apical  and  basolateral  plasma  membrane  do¬ 
main,  respectively;  syntaxins  2  and  11  and  SNAP-23  localize 
to  both  domains.  SNAP-23  may  be  a  common  binding  part¬ 
ner  of  all  plasma  membrane  syntaxins  because  it  can  bind  to 
syntaxins  1, 2, 3, 4,  and  11  (Ravichandran  et  al.,  1996;  Valdez 
et  al,  1999).  To  date,  the  only  functional  information  on  the 
involvement  of  syntaxin  homologues  in  plasma  membrane 
traffic  in  polarized  cells  is  available  for  syntaxin  3,  which 
plays  a  role  in  transport  from  the  TGN  and  from  apical 
endosomes  to  the  apical  plasma  membrane  (Low  et  al, 
1998a;  Lafont  et  al,  1999),  and  syntaxin  4,  which  was  found 
to  be  involved  in  the  biosynthetic  pathway  leading  to  the 
basolateral  plasma  membrane  (Lafont  et  al,  1999).  The  role 
of  the  nonpolarized  syntaxins  2  and  11  remains  unclear,  but 
they  may  serve  nonpolarized  pathways  directed  toward 
both  domains.  Syntaxin  11  has  been  reported  to  localize  to 
endosomal  and  TGN-related  compartments  when  it  is  exog¬ 
enously  expressed  in  nonpolarized  NRK  or  HeLa  cells  (Ad- 
vani  et  al,  1998;  Valdez  et  al,  1999).  We  show  that  in  non¬ 
polarized  MDCK  cells,  syntaxin  11  is  also  localized  to 
punctate  intracellular  vesicles  with  very  little,  if  any,  detect¬ 
able  plasma  membrane  staining.  However,  as  the  cells  form 
a  polarized  monolayer,  the  majority  of  syntaxin  11  relocal¬ 
izes  to  both  the  apical  and  basolateral  plasma  membrane 
domains.  This  suggests  that,  at  least  in  polarized  epithelial 
cells,  syntaxin  11  functions  primarily  as  a  plasma  membrane 
t-SNARE.  The  tissue  distribution  of  syntaxin  11  (Advani  et 
al,  1998;  Tang  et  al,  1998;  Valdez  et  al,  1999)  suggests  that  it 
may  be  predominantly  expressed  in  epithelial  cells,  which  is 
supported  by  our  finding  that  it  is  expressed  in  several 
epithelial  cell  lines.  This  emphasizes  the  importance  of 
studying  the  localization  and  function  of  SNAREs  in  fully 
differentiated  cells,  such  as  polarized  epithelial  cells. 

We  found  that  all  of  the  plasma  membrane  t-SNAREs 
relocalize  to  varying  degrees  to  intracellular  compartments 
in  MDCK  cells  when  the  formation  of  a  polarized  cell  mono- 
layer  is  prevented  either  temporarily  during  the  course  of 
the  establishment  of  a  monolayer  or  after  a  sustained  inhi¬ 
bition  of  cell  contacts  in  LCM.  t-SNAREs  are  an  integral  part 
of  the  machinery  accomplishing  the  final  step  of  each  mem¬ 
brane  trafficking  pathway.  Therefore,  this  surprising  result 
strongly  suggests  that  membrane  trafficking  pathways  that 
are  normally  directed  to  the  plasma  membrane  in  polarized 
epithelial  cells  undergo  a  fundamental  shift  toward  intracel¬ 
lular  compartments  upon  loss  of  cell  polarity.  This  may  have 
profound  implications  for  our  understanding  of  the  patho¬ 
genesis  of  diseases  involving  a  loss  of  epithelial  polarity, 
e.g.,  the  mistargeting  of  basement  membrane  proteins,  pro¬ 
teases,  integrins,  etc.,  that  play  a  role  in  the  pathogenesis  of 
invasive  and  metastatic  carcinomas  (Birchmeier  et  al,  1996), 
or  the  mistargeting  of  ion  transporters,  growth  hormone 
receptors,  etc.,  in  noncancerous  epithelial  diseases  such  as 
polycystic  kidney  disease  (Murcia  et  al,  1998;  Sullivan  et  al, 
1998).  Also,  during  tubule  formation,  e.g.,  in  kidney  devel¬ 
opment,  epithelial  cells  temporarily  lose  their  cellular  polar¬ 
ity  while  cell  rearrangements  occur  (Pollack  et  al,  1998). 

Is  it  possible  that  the  observed  intracellular  localization  of 
SNAREs  in  nonpolarized  MDCK  cells  is  an  artifact  caused 
by  heterologous  SNARE  expression  or  calcium  deficiency? 
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Most  experiments  presented  here  made  use  of  canine  MDCK 
cells  that  stably  express  rat  (syntaxins  2,  3,  and  4)  or  human 
(syntaxin  11  and  SNAP-23)  t-SNAREs.  The  following  con¬ 
siderations  argue  against  the  idea  that  heterologously  ex¬ 
pressed  SNAREs  would  be  targeted  differently  from  endog¬ 
enous  SNAREs.  First,  the  expression  levels  are  generally 
comparable  to  the  endogenous  levels  (Figure  1)  (Low  et  ah, 
1996,  1998b).  Second,  the  comparison  of  either  different 
clones  with  varying  SNARE  expression  levels  or  individual 
cells  in  a  mixed  clonal  population  fails  to  reveal  a  correlation 
between  expression  level  and  subcellular  localization  in  both 
polarized  and  nonpolarized  cells.  Third,  the  localization  of 
syntaxins  (Low  et  ah,  1996)  and  SNAP-23  (Low  et  ah,  1998b) 
in  transfected  MDCK  cells  could  be  confirmed  with  endog¬ 
enously  expressed  proteins  in  other  cell  lines  or  tissues 
(Gaisano  et  ah,  1996;  Delgrossi  et  ah,  1997;  Fujita  et  ah,  1998; 
Galli  et  ah,  1998;  Riento  et  ah,  1998).  Fourth,  in  this  study,  we 
have  shown  that  endogenously  expressed  syntaxin  3  in 
Caco-2  cells  localizes  to  VACs  just  as  in  transfected  MDCK 
cells  (Figure  5).  Therefore,  we  consider  it  unlikely  that 
SNARE  expression  levels  as  used  in  this  study  have  adverse 
effects  on  SNARE  targeting  in  MDCK  cells.  The  possibility 
that  cellular  calcium  depletion  per  se  may  cause  the  gener¬ 
ation  of  intracellular  plasma  membrane  organelles  indepen¬ 
dent  of  epithelial  cell  polarity  is  unlikely  for  the  following 
reasons.  First,  VACs  have  been  observed  by  others  in  mam¬ 
mary  carcinoma  cells  grown  in  medium  containing  a  regular 
calcium  concentration  (Vega-Salas  et  ah,  1993).  Second, 
VAC-like  organelles  are  frequently  found  in  a  variety  of 
carcinomas  in  situ  (Remy,  1986;  Vega-Salas  et  ah,  1993)  and 
in  intestinal  epithelial  cells  in  the  genetic  disorder  microvil¬ 
lus  inclusion  disease  (Ameen  and  Salas,  2000).  Third,  the 
intracellular  calcium  concentration  has  been  measured  pre¬ 
viously  in  MDCK  cells  grown  in  high-  or  low-calcium  me¬ 
dium  and  was  found  to  be  not  significantly  different  (Vega- 
Salas  et  ah,  1987).  Fourth,  we  observed  VACs  and  syntaxin 
4 -positive  basolateral  organelles  in  MDCK  cells  that  are 
grown  either  in  regular-calcium  medium  for  brief  periods 
(Figure  3)  or  in  single  cells  or  cells  at  the  edge  of  cell  patches 
after  sparse  seeding  and  growth  for  16  h  (Figure  8). 

The  VAC  has  been  described  and  characterized  previ¬ 
ously  in  nonpolarized  MDCK  cells  and  other  epithelial  cell 
lines  as  well  as  in  carcinomas  (Vega-Salas  et  ah,  1987,  1988, 
1993;  Gilbert  and  Rodriguez-Boulan,  1991;  Brignoni  et  ah, 
1993).  In  contrast,  to  our  knowledge,  the  basolateral  com¬ 
partment  that  we  identified  here  is  a  novel  organelle  that  has 
not  been  described  previously,  perhaps  because  of  the  lack 
of  availability  of  a  marker  protein  such  as  syntaxin  4.  Our 
data  show  that  the  syntaxin  4  compartment  contains  other, 
normally  basolateral,  plasma  membrane  proteins  such  as  the 
Na/K-ATPase  and  the  antigen  6.23.3.  One  basolateral 
marker  protein,  E-cadherin,  was  not  strongly  accumulated 
in  the  syntaxin  4 -positive  organelle  but  was  instead  down- 
regulated  in  nonpolarized  cells,  similar  to  a  recent  finding 
(Stewart  et  ah,  2000).  The  small  amount  of  E-cadherin  that 
was  still  present  in  the  cells,  however,  did  partially  localize 
to  the  syntaxin  4 -positive  organelle.  In  addition,  this  or¬ 
ganelle  possesses  a  prominent  membrane  cytoskeleton  con¬ 
taining  actin  and  fodrin  that  is  typical  for  the  basolateral 
plasma  membrane  in  polarized  cells.  This  organelle  excludes 
apical  plasma  membrane  markers,  including  syntaxin  3.  We 
showed  that  this  novel  organelle  does  not  overlap  with  the 


morphologically  similar  Golgi  apparatus  or  the  aggresome. 
The  absence  of  the  lysosomal  protein  LAMP-2  as  well  as 
ubiquitin  makes  it  highly  unlikely  that  the  syntaxin  4 -pos¬ 
itive  organelles,  or  VACs,  are  degradative  compartments. 

The  presence  of  normally  apical  or  basolateral  plasma 
membrane  t-SNAREs  on  intracellular  organelles  in  nonpo¬ 
larized  cells  suggests  that  plasma  membrane  proteins  and 
secretory  proteins  are  targeted  to  these  vacuoles.  Because 
apical  and  basolateral  SNAREs  are  found  in  two  separate 
organelles,  this  suggests  that  protein  sorting  is  still  pre¬ 
served  in  nonpolarized  MDCK  cells.  Our  finding  that  inter¬ 
nalized  IgA  reaches  only  the  VAC  but  that  transferrin 
reaches  the  syntaxin  4 -positive  organelle  demonstrates  that 
both  compartments  receive  endocytic  traffic  and  that  traf¬ 
ficking  into  these  organelles  is  specific.  Both  compartments 
also  receive  direct  biosynthetic  traffic  because  the  soluble 
secretory  protein  gp80  accumulates  in  them.  By  pulse-chase 
analysis,  however,  we  found  that  only  a  fraction  of  gp80 
(estimated  25%)  is  deposited  into  VACs  and  syntaxin  4 
organelles,  whereas  the  majority  is  secreted.  This  fits  with 
the  finding  that  even  in  nonpolarized  cells,  variable  amounts 
of  plasma  membrane  SNAREs  are  typically  located  at  the 
plasma  membrane  in  addition  to  intracellular  organelles.  In 
contrast  to  the  soluble  marker  gp80,  the  sorting  of  integral 
membrane  proteins  into  apical  and  basolateral  intracellular 
organelles  appears  to  be  more  efficient.  At  steady  state, 
gpl35  is  often  very  strongly  enriched  in  VACs,  whereas 
Na/K-ATPase  and  the  6.23.3  antigen  are  strongly  enriched 
in  basolateral  organelles.  Our  data  indicate  that  this  high 
efficiency  is  mostly  due  to  sorting  after  endocytosis  of  these 
proteins.  Pulse-chase  analysis  of  the  SL-pIgR  shows  that 
nearly  all  of  the  newly  synthesized  protein  is  initially  tar¬ 
geted  to  the  surface.  Because  SL-pIgR  is  able  to  internalize 
IgA  into  VACs,  and  because  we  find  SL-pIgR  enriched  in 
VACs  at  steady  state,  the  majority  of  the  protein  must  be 
internalized  and  transported  to  VACs  after  its  initial  plasma 
membrane  delivery.  This  is  the  first  direct  evidence  that 
trafficking  into  VACs  follows  mostly  an  indirect  route  via 
the  plasma  membrane.  It  had  been  suggested  previously 
that  trafficking  of  the  influenza  hemagglutinin  into  VACs 
occurs  directly  from  the  TGN  (Brignoni  et  ah,  1995),  but  the 
possibility  of  an  indirect  pathway  could  not  be  experimen¬ 
tally  excluded. 

Together,  our  results  suggests  that  apical /basolateral  sort¬ 
ing  is  preserved  in  nonpolarized  epithelial  cells  and  leads  to 
specific  intracellular  organelles.  It  has  been  found  previ¬ 
ously  that  nonpolarized,  fibroblastic  cells  also  have  the  ca¬ 
pability  to  sort  apical  and  basolateral  plasma  membrane 
proteins  (presumably  in  the  TGN)  and  transport  them  on 
separate  routes  to  the  identical  plasma  membrane  (Miisch  et 
ah,  1996;  Yoshimori  et  ah,  1996).  A  major  difference  between 
nonpolarized  cells  of  epithelial  and  nonepithelial  origin, 
therefore,  may  be  that  in  the  former  plasma  membrane 
proteins  are  eventually  retained  inside  the  cell  rather  than 
displayed  at  the  surface. 

What  can  be  the  possible  function  of  intracellular  apical 
and  basolateral  plasma  membranes?  These  compartments 
are  observed  in  epithelial  cells  that  have  lost  their  cellular 
polarity  temporarily  (e.g.,  sparsely  seeded  cells  that  have  not 
yet  established  cell  contacts)  or  permanently  (e.g.,  when  cell 
contacts  are  inhibited  or  in  tumor  cells).  It  is  likely  that  many 
plasma  membrane  or  secreted  proteins  are  still  synthesized 
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under  these  conditions.  We  speculate  that  there  may  be  two 
reasons  for  the  intracellular  sequestration  of  plasma  mem¬ 
brane  proteins  by  nonpolarized  epithelial  cells.  The  phe¬ 
nomenon  may  be  a  cellular  survival  mechanism  to  relocalize 
(normally  apical  and  basolaterally  separated)  ion  channels 
and  transporters  to  intracellular  compartments  that  would 
prevent  potential  ATP  depletion  caused  by  futile  cycles  of 
ion  transport  in  and  out  of  the  cell.  Also,  excessive  intracel¬ 
lular  ion  accumulation  or  depletion  would  be  prevented. 
This  view  is  supported  by  our  finding  that  the  majority  of 
Na/K-ATPase  relocalizes  to  syntaxin  4 -positive  organelles. 
The  phenomenon  may  also  be  an  organismal  protection 
mechanism,  because  it  would  prevent  the  unwanted  surface 
display  of  inappropriate  proteins,  e.g.,  proteases  and  cell¬ 
cell-  or  cell-matrix  interacting  proteins  that  may  promote 
tumor  invasion  and  metastasis.  Interestingly,  a  variety  of 
hydrolytic  enzymes  that  are  normally  expressed  at  the  apical 
plasma  membrane  of  Caco-2  cells  have  been  found  in  VACs 
after  microtubule  disruption  (Gilbert  and  Rodriguez-Bou- 
lan,  1991).  The  finding  that  neither  the  apical  nor  the  baso- 
lateral  vacuole  appears  to  be  a  degradative,  lysosomal  com¬ 
partment  indicates  that  proteins  may  be  stored  in  them  for 
later  use  once  cell  contacts  have  been  reestablished.  This  is 
supported  by  the  observation  that  VACs  can  be  rapidly 
exocytosed  as  a  whole  from  MDCK  cells  after  reestablish¬ 
ment  of  cell-cell  contacts  (Vega-Salas  et  al,  1988)  or  after 
increasing  the  intracellular  cAMP  concentration  (Brignoni  et 
al,  1993). 

In  conclusion,  we  have  shown  that  upon  loss  of  cell  po¬ 
larity,  epithelial  cells  relocalize  plasma  membrane  t-SNAREs 
and  redirect  membrane  trafficking  pathways  to  intracellular 
cognate  apical  and  basolateral  compartments.  This  is  likely 
to  be  a  general  phenomenon  in  epithelia  and  may  play  a 
fundamental  role  in  the  pathogenesis  of  epithelial  diseases 
that  involve  a  breakdown  of  cell  polarity. 
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